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Abstract

This thesis is focused on constructing an affine version of the partition algebra and
investigating expected properties that such an algebra should admit. In fact we provide
two definitions of such an algebra in this thesis. The first definition is given by generators
and relations, and comes about by affinizing the partition algebra in a similar manner
employed by others on related diagrams algebras. The second definition is obtained by
generalising the orbit basis of the partition algebra in a particular manner. Both such
algebras give rise to actions on a tensor space which extends the action in Schur-Weyl
duality between the partition algebra and group algebra of the symmetric group. We
establish a strong connection to one of these affine partition algebras with the Heisenberg
category. Namely we prove that a certain endomorphism algebra of a given object in
the Heisenberg category is a quotient of the affine partition algebra.

Pursuing the construction of such algebras has also lead to new results regarding
both the partition algebra and symmetric group. For the partition algebra we obtain
a complete description of the center in the semisimple case, and give an alternative
description of the blocks in the non-semisimple case. For the symmetric group, we
generalise certain results regarding the centers of the group algebras of the symmetric
groups to certain centraliser algebras. From such we are able to provide a centraliser
construction of the degenerate affine Hecke algebra, and show that a certain limit of
centralizer algebras appears as an endomorphism algebra in the Heisenberg category.



1 Introduction

In this chapter we summarise various results to set the scene and motivate the work of
this thesis. We begin by recalling the classical Schur-Weyl duality between the general
linear group and the symmetric group, and an extension involving the degenerate affine
Hecke algebra. We review some properties of the degenerate affine Hecke algebra and
discuss its construction. We describe various generalisations of Schur-Weyl duality and
the resulting diagram algebras which emerge. We summarise the construction of new
affine versions of some of these diagram algebras. We end the chapter by discussing the
main questions investigated within this thesis, summarise the structure of the thesis,
and providing a list of the main results.

1.1 Schur-Weyl Duality

For any n > 0 we let GL,,(C) denote the group of invertible n-by-n matrices with entries
in C. Also let V = C"™ be its fundamental n-dimensional representation. For any k > 0
we view the k-fold tensor space V¥ as a representation of GL,,(C) given by the diagonal
action. The symmetric group &y also acts on this space via permutating the k£ tensor
components. This pair of actions

GL,(C) O V& ) & (1.1)

commute with one another, and the centralizer of one action in Endc (V®*) generates the
other. As such they satisfy the double centralizer theorem. This gives the classical Schur-
Weyl duality, established first by Schur in [Schur0O1]. This duality allows information
regarding the representation theory of these two groups to flow back and forth, and
hence gives a powerful tool in investigating and answering problems for either group.
One may restate this result by working with the special linear group SL,,(C) instead of
GL,,(C), or further still by working with their corresponding Lie algebras gl,, and sl,, or
their universal enveloping algebras U(gl,,) and U (sl,) respectively.

The duality of Fquation (1.1) has seen numerous generalisations in various directions.
A quantum (or g-deformation) of this duality was given by M. Jimbo in [Jimbo86]
where the universal enveloping algebras U(gl,,) is replaced by its quantum group, and
the symmetric group is replaced with the Hecke algebra. An affine counterpart to this
quantum duality of M. Jimbo was established by V. Chari and A. Pressley in [CP96],
where the quantum group is replaced with the quantum affine group and the Hecke
algebra is replaced with the affine Hecke algebra.

Another generalisation of Schur-Weyl duality, which is of particular interest for this
thesis, was established by T. Arakawa and T. Suzuki in [AS98]. This involves replacing



VO by M ® V®* where M is any (possible infinite dimensional) module over U(gl,,),
and replacing &, with the degenerate affine Hecke algebra Hj introduced by V. Drinfeld
in [Dri86]. Put into symbols we have commuting actions

Ulgl,) O M @ VEF O Hy,. (1.2)

For an arbitrary M, these commuting actions are far from satisfying the double central-
izer theorem. However, by specialising M and working with quotients of Hj, referred to
as cyclotomic quotients, then the double centralizer theorem can be shown to hold, and
gives rise to the so called higher Schur-Weyl dualities. See for example the works of J.
Brundan and A. Kleshchev in [BK08].

1.2 Constructing H;. from CG;

Often the degenerate affine Hecke algebra Hj is defined by a presentation, where the
generators are the simple transpositions of the symmetric group &, alongside new pair-
wise commuting generators which resemble the Jucys-Murphy elements of the group
algebra CSp in a manner we explain below. In this section we briefly summarise the
construction of Hy, with greater detail given in Section 2.1.7 (see also [K05]).

Firstly, the Jucys-Murphy elements Y7,..., Y% of the group algebra C&y, are a collec-
tion of pairwise commuting elements defined by the sum of certain transpositions (see
Definition 2.11). These elements play an important role in the representation theory of
C6Sy. In fact, A. Okounkov and A. Vershik in [OV96] used the Jucys-Murphy elements
to provide a spectral approach to the representation theory of CS,,, recovering its com-
binatorial features in a natural fashion. Let s; denote the simple transposition in &y
exchanging ¢ and ¢ + 1 for each 1 <14 < k — 1, which generate the algebra C&;. The
Jucys-Murphy elements share the following relations with these generators:

o 5;Y; =Y;s; forall j #4,0+1.
o Vii1=5Y;s;+s; forall 1 <i<k-—1.

The second relation demonstrates a recursive structure for the Jucys-Murphy elements,
in particular they can be defined from such by setting Y7 = 0. This recursive structure
was an important aspect of the work in [OV96].

To go from CSy, to the degenerate affine Hecke algebra Hjp, one adjoins new pairwise
commuting generators (called affine generators) y; for each 1 < i < k, and imposes
relations between these generators and the simple transpositions which are identical to
above where one replaces Y; with y; (see Definition 2.23 for the presentation of Hy).
Hence the generators y; resemble the Jucys-Murphy elements Y; in the sense that they
share a handful of analogous relations, in particular an analogous recursive structure.
We have a surjective algebra homomorphism Hy — C&y, by projecting y; — Y; for each
1 <i < k. Also it can be shown that as a vector space Hy = Cly, . .., yx] ® CS, where
Cly1,- .-, yk is the space of polynomials in & commuting variables. In this manner we
have obtained H by adjoining a polynomial algebra to C&y, but have asked the variables



to satisfy some non-trivial relations which project down to analogous relations satisfied
by the Jucy-Murphy elements. It is worth mentioning that this procedure to construct
Hji from CSy, relied on a choice of what relations to impose on the affine generators.
We will discuss more on this matter at the begining of Chapter 4.

The action of Hy, on M @V ®* in Equation (1.2) is obtained by allowing the generators
y; to act in a manner which extends the action of the Jucy-Murphy elements Y; on y ek
in Equation (1.1) onto the M component (see Theorem 2.27). One can also interpret the
algebra Hj diagrammatically, as described later in Section 2.1.7, were the permutations
are viewed using string permutation diagrams, and the affine generators y; are viewed
as decorations on the strings. The relations above which the generators y; are asked to
satisfy can be interpreted as local relations encoding how decorations can move along a
string and how they interact with crossings of strings.

The properties of the Jucys-Murphy elements of the group algebra of the symmetric
group have been abstracted (see for example [GG11] where Jucys-Murphy elements are
defined in the general setting of cellular algebras belonging to strongly coherent towers).
Hence many algebras possess their own versions of Jucys-Murphy elements. Also the
Jucys-Murphy elements are not unique, that is many such collections of Jucy-Murphy
elements may be defined for a given algebra.

1.3 Diagram Algebras

In this section we summarise properties of certain examples of diagram algebras, which
are algebras with a diagrammatically defined basis where the product is given by the
linear extension of diagram concatenation. These algebras come about from generalisa-
tions of Schur-Weyl Duality. We also describe the construction of algebras which are to
most of these examples of diagram algebras what the degenerate affine Hecke algebra is
to the group algebra of the symmetric group.

Firstly, when one replaces the group GL,,(C) with the subgroup of orthogonal matrices
0,,(C) (or the symplectic subgroup Sp,,(C) when n is even) in Equation (1.1), then the
algebra playing the role of & is the diagram algebra called the Brauer algebra B (n)
(respectively B (—n)) which was first introduced by Brauer in [Br37]. Thus we have
commuting actions

0, (C) O VE* ) B, (n) (1.3)

which satisfy the double centralizer theorem. The Brauer algebra 2B (d) may be defined
for any parameter § € C. The group algebra of the symmetric group C&y, is a subalgebra
of B (0), where the diagrammatic basis of B () contains the permutation diagrams of
&, and new diagrams which introduce ‘cups’ and ‘caps’. When taking the product of
two diagrams within B (d), in general ‘floating loops’ will appear, and these are resolved
by replacing each such occurence with the scalar 9.

M. Nazarov defined Jucys-Murphy elements for the Brauer algebras in [N96]. A variety
of relations between these Jucys-Murphy elements and a natural generating set of B (0)
(including a relation which can recursively define the Jucys-Murphy elements) were
proven. M. Nazarov also define a new algebra W, constructed from B (d) by adjoining



new pairwise commuting affine generators which were asked to satisfy various relations
which projected down to relations satisfied by the Jucys-Murphy elements. Hence there
is a surjective algebra homomorphism W), — B (d) sending the affine generators onto
the corresponding Jucys-Murphy elements. Also the polynomial algebra in the affine
generators is a subalgebra of Wy. The algebra W is called the degenerate affine Wenzl
algebra or just the affine Wenzl algebra. The affine generators may be interpreted
diagrammatically as decorations on the underlying diagrams defining B (9). Also new
central generators were added in the construction of Wy as a means to resolve decorated
floating loops which appear within the diagrammatics, a feature which was absent in the
diagrammatics of the symmetric group. The algebra W;, also gives rise to commuting
actions

Ulon) O M@ VEE O W, (1.4)

where U/(0,,) is the universal enveloping algebra of 0, the orthogonal Lie algebra, and M
is taken to be any (possible infinite dimensional) module over U(o,). In this sense, the
algebra W, is to the Brauer algebra 9B (0) what the degenerate affine Hecke algebra #Hy,
is to the group algebra of the symmetric group CSy. See also the work of Z. Daugherty,
A. Ram, and R. Virk in [DVRI11] where the algebra Wy is studied in unison with a
non-degenerate version called the affine BMW algebra, with a focus on such commuting
actions.

Returning to the classical Schur-Weyl duality of Equation (1.1), if one replaces V&
with the mixed tensor space V®* @ (V*)®" where s,r € Z>o such that s +r = k, and
where V* is the dual representation of V', then the algebra which replaces the symmetric
group &, is the diagram algebra called the walled Brauer algebra B, ,(n). Hence we
have commuting actions

GL,(C) OV @ (VO O By r(n), (1.5)

which satisfy the double centralizer theorem. The algebra B ,.(d) may be defined for any
parameter § € C, is a subalgebra of the Brauer algebra B (J), and contains the group
algebra C(G4 x &,.). The walled Brauer algebras first appeared independently in [K0i89]
and [Tur89], which were partially motivated by such a duality. It was later studied in
[BHCLLS94] as a means of decomposing the mixed tensor space into irreducible GL,,(C)
representations. Jucys-Murphy elements have also been defined for the walled Brauer
algebras, and new algebras which are to the walled Brauer algebras what H; is to C&;
were introduced independently by A. Sartori in [Sarl3], and by H. Rui and Y. Su in
[RS13]. In the latter these algebras were called the affine walled Brauer algebras, and
were denoted by ﬁgﬁ(wo,wl) = t%’saﬁ They were constructed in an analogous manner
in which M. Nazarov constructed Wy, by introducing new pairwise commuting affine
generators to the walled Brauer algebra and imposing relations on such generators which
project down to relations satisfied by the Jucys-Murphy elements. As one could expect,
these affine generators may be interpreted diagrammatically as decorations added to the
diagrammatics of the walled Brauer algebra. A collection of central generators were also
added to account for decorated floating components, as was done for Wy. It was shown
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that the affine walled Brauer algebra gives rise to commuting actions
Ulgl,) O M@ V® & (V) 0 £, (1.6)

where one has replaced the mixed tensor space V& @ (V*)®" with M ® V& @ (V*)®",
where M is any (possible infinite dimensional) module over U(gl,), and replaces the
walled Brauer algebra B, (n) with 22,

Again returning to the classical Schur-Weyl duality of Equation (1.1), if one replaces
the group GL, (C) with the subgroup of permutation matrices, which one may identify
with the symmetric group, then the diagram algebra which appears in the duality is the
partition algebra Asgk(n). Hence we have commuting actions

CS, OV 0 Ag(n), (1.7)

which satisfy the double centralizer theorem. This duality was orginally proved by V.
Jones in [J94]. Compared to the other dualities we have discussed, this case is unique
in the sense that no classical Lie algebra is involved, but rather the group algebra of the
symmetric group. The partition algebra As(d) may be defined for any parameter ¢ € C,
in fact we will often set Agy, := Agi(2) where z is a free central generator of the algebra
(see Section 2.2 for more details). This algebra was first introduced by P. Martin in
the works of [M91] regarding problems in statistical mechanics. It is a diagram algebra
and was defined by a diagrammatic basis and structure constants. It was later given a
presentation in [HR05] and [East11]. T. Halverson and A. Ram in [HRO05] gave the first
definition of Jucys-Murphy elements (defined diagrammatically) for the partition algebra
Aok (0). Later J. Enynag gave a recursive definition for these Jucys-Murphy elements in
[Eny12] and [Eny13] and proved a variety of relations involving these elements.

To the best of the author’s knowledge, before starting this thesis there was no algebra
which played an analogous role for the partition algebra which H; plays for C&y. Al-
though, while writing this thesis such an algebra was defined in the works of J. Brundan
and M. Vargas in [BV21], and more details of this algebra and its connection to our
work will be given later in Section 4.3.

1.4 Aims of the Thesis

The main aim of the thesis is to construct an affine partition algebra, that is an algebra
which is to the partition algebra what the degenerate affine Hecke algebra is to the
group algebra of the symmetric group, and to investigate some of its structural and
representation theoretic properties. However, there is no canonical definition of what it
means to be such an algebra. Thus it is important that we make clear what we would
consider to be an appropriate definition for an affine partition algebra. We say that A%g
is an affinization of Ay if the following hold:

1. A%g contains both Agy, and the polynomial algebra C[z1,. .., zo] in 2k commuting
variables as subalgebras.

11



2. The variables x; should satisfy relations which are analogous to relations in Agg
which are satisfied by Jucys-Murphy elements (for some fixed choice of Jucys-
Murphy elements of Asgy), including recursive relations for the Jucys-Murphy ele-
ments.

3. Ay is a quotient of A%g in such a way that the quotient map Agg — Ay, projects
the variables x; to corresponding Jucys-Murphy elements.

4. Given any &,,-module M, there exists an action of A%g on the tensor space M@V ®Fk
which commutes with the diagonal action of &,,. This action should extend Equa-
tion (1.7) in an analogous manner to how Equation (1.2) extended Equation (1.1).

5. There exists a diagrammatic description of Agg which generalises that of Agx where
the variables x; are interpreted as decorations.

We refer to these five properties as the affinization properties. It is worth mentioning
that such properties could be abstracted to describe the affinization of any diagram
algebra which possess a collection of Jucys-Murphy elements and belongs to some Schur-
Weyl duality. In particular the algebras Hj, Ws, and %’fﬁ satisfy analogous properties
in relation to the underlying diagram algebras C&y, B (d), and B, ,(0) respectively.
Hence in our terminology we say that Hy, Wy, and 95’2% are affinizations of C&y, B (0),
and B () respectively. Some aspects of these affinization properties are fairly vague,
although we give a bit more detail below. We do not expect that abstracting the above
properties would give a good notion of affinizing an algebra in a more general sense,
and we do not pursue defining such a notion in this thesis. We simply wish to be
more concrete in what our main aim of the thesis was implying. So we treat the above
description of an affinization of Asj as a guide/benchmark for our constructions.

We briefly give some additional details to the affinization properties above. Firstly
all five such properties certainly seem appropriate to ask since each of the algebras Hy,
Wi, and %’fﬁ satisfy analogous properties, and none of the five properties appears to
be asking too much. Affinization property 1 confirms that we at least have a non-trivial
superalgebra of the partition algebra Ag; which contains the affine algebra Clx1, .. ., zok].
Affinization property 2 enforces the affine generators x; to share at least some important
structure with that of Jucys-Murphy elements. This property is quite vague. Informally
we want the affine generators to share as much structure with Jucys-Murphy elements as
they can while still satisfying the other affinization properties. In particular, we do not
want to add too many relations for the affine generators to satisfy which would prevent
the set of monomials 7" - - - z52* (for n; € Z>¢ for each 1 < i < 2k) from being linearly
independent, or worst still which collapses the algebra Agg down to Ayi. For example
if we imposed the relation y; = 0 in Hy, which satisfies item 2 since Y; = 0, then the
algebra Hj would collapse to CSy. Affinization property 3 simply means that the affine
generators do not satisfy relations not shared by Jucys-Murphy elements. As such, in
the sense of satisfying item 1, item 2, and item 3, we refer to the affine generators z; as
affinizations of the Jucys-Murphy elements. Lastly affinization properties 4 and 5 are

asking the most of Agg, which are the key representation theoretic and structural results,
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respectively, which we expect to be satisfied when comparing to the algebras Hy, Wk,
and ,%’?E

1.5 Structure of Thesis

This section closes out the introduction by summarising the structure of the thesis.
We first give a discussion of what can be found in each of the proceeding chapters,
highlighting the new definitions and new results established. For ease of navigation, we
then provide a list of the main features of the thesis in the order in which they appear.

Chapter 2 will recall most of the theory and results regarding both the partition algebra
and the symmetric group which we will use throughout the thesis. For the symmetric
group, one of the main aspects we wish to focus on is the center of the group algebra of
the symmetric group and the works of H. Farahat and G. Higman in [FH59]. Namely we
recall a basis of the center by class sums, a polynomial property of the respected structure
constants, and how this is used in [FH59] to define an algebra over a polynomial ring
which “interpolates” these centers. The other main aspect of the symmetric group we
recall is the role of the Jucys-Murphy elements with regard to the representation theory of
the symmetric group and in the construction of the degenerate affine Hecke algebra. For
the partition algebra, we will also be interested in recalling the Jucys-Murphy elements
and their role in the representation theory. We recall the definition of new generators o;
introduced by J. Enyang in [Eny12], and how they were used to give a new presentation
for the partition algebra and a new recursive definition for the Jucys-Murphy elements.
We also give details to the Schur-Weyl duality of Equation (1.7), and recall a basis of
the partition algebra which is particularly well-adapted to this duality called the orbit
basis. We end the chapter by describing how one can define the partition algebra from
the ground up with a focus on Schur-Weyl duality and the orbit basis.

Chapter 3 focuses on proving two new results regarding the partition algebra. The
first result is Theorem 3.17, which gives a description of the center of the semisimple
partition algebras by supersymmetric polynomials (see Definition 3.1) in normalised
Jucys-Murphy elements. The centers of the (semisimple) diagram algebras mentioned
above have all been shown to equal certain (super)symmetric polynomials in some col-
lection of Jucys-Murphy elements. As such an analogous result for the partition algebra
was expected but not yet know. This is what our result gives, and it is worth remarking
that such a clean answer was not necessarily expected since the Jucys-Murphy element
in the partition algebra are much more complicated than their counterparts in the other
aforementioned diagram algebras. Before this description of the center of the semisimple
partition algebra, the primitive central idempotents had been constructed by P. Mar-
tin and D. Woodcock in [MW99]. In their work they gave a recursive construction of
the so-called splitting idempotent associated to a certain exact sequence related to the
partition algebra. Then by multiplying this idempotent by the primitive central idem-
potents of group algebras of the symmetric group sitting inside the partition algebra,
one recovers the primitive central idempotents for the partition algebra. They gave a
complete and explicit description of the primitive central idempotents for A4(0) (k = 2

13



case), and highlighted that information about the blocks in the non-semisimple case can
be determined by the blow up of certain denominators in the coefficients appearing in
such primitive central idempotents. The work of [MW99] was conducted prior to the
definition of the Jucys-Muprhy elements for the partition algebra. The second new result
of Chapter 3is Corollary 3.25 which closes out the chapter and gives an alternative de-
scription of the blocks of the partition algebra A (9) in the non-semisimple case. These
blocks were already described in an elegant manner by P. Martin in [Martin96] (see also
[DWO00]) as corresponding to certain chains of Young diagrams which satisfy a particular
combinatorial condition involving the parameter 6. On the other hand our result given
in Corollay 3.25 describes these blocks using certain generating functions which appear
naturally from the action of certain central elements of the partition algebra on simple
modules. The results of this chapter were published in [Cre21], although some of the
proofs and exposition have been significantly streamlined in this thesis.

Chapter 4 is where we tackle the main aim of this thesis by introduced an affine parti-
tion algebra, which we denote by A%g. This is constructed by employing a procedure to
the partition algebra Ag(J) analogous to what was done for the other diagram algebras
mentioned above. We give greater details to this procedure at the start of the chapter.
In short we begin by establishing a variety of relations involving both the Jucys-Murphy
elements and the new generators o; of J. Enyang. We then go on to use such relations
to define Agg by a presentation. The recursive relations of the Jucys-Murphy elements
of the partition algebra are much more complicated than their counterparts in other
diagram algebras, and hence choosing what relations to include in our presentation of
A;g was less clear. In fact we treated the generators o; of J. Enyang in a similar manner
to the Jucys-Murphy elements in our procedure to construct Agg, that is not only do we
introduce affine generators x; to affinize the Jucys-Murphy elements but we also intro-
duced new generators 7; to play a similar role for the elements ¢;. This is a significant
addition to what has been employed by others, and as such it is less obvious from its
definition whether Agg is indeed an appropriate affine version for the partition algebra.
However throughout the remainder of the chapter we show that A;g satisfies (fully or at
least partially) each of the affinization properties 1 to 5 described previously. Most of
these properties only hold if one makes the choice of introducing the new generators 7;
as we did. We interpret such as evidence to suggest that this was the correct approach
to take in constructing Agg.

The first half of Chapter 4 investigates structural properties of Agg. We prove many
relations between the generators which allows us to establish that both the partition
algebra Ag, and polynomial algebra C[zy,...,x9;] are subalgebras of Agg. We also
prove that a large collection of polynomials in the variables 1, ..., z9; are central, and
that such polynomials project down to the center of the semisimple partition algebras
via evaluation by normalised Jucys-Murphy elements. We prove in Theorem 4.24 that
we have commuting actions

C&, O MoV o AT, (1.8)

which extend Equation (1.7) in the manner we desired. Such an action would not be
possible without working with the new generators 7; instead of Enyang’s generators o;.

14



The last section of the chapter is concerned with invesitgating whether Agg satisfies
affinization poroperty 5. This leads us to establishing connections with the Heisenberg
category Heis introduced by M. Khovanov in [Khol4], and to the work of J. Brundan and
M. Vargas in [BV21]. We prove in Theorem 4.53 that .Agfkf projects onto an endomorphism
algebra of a particular object in the Heisenberg category. The morphism spaces of the
Heisenberg category are diagrammatically defined, and this projection of A%g sends
our generators to very natural diagrams, with the generators x; getting mapped to
decorations. We suspect that the projection of A"Q‘g onto such an endomorphism space
is an isomorphism of algebras, which would show that Agg satisfies 5. At this moment
however we are only able to prove a surjective algebra homomorphism. Recently J.
Brundan and M. Vargas in [BV21] defined a subcategory APar of the Heisenberg category
generated by one object and a set of morphisms which they called the affine partition
category. They used this category to recover results in the representation theory of the
partition algebra. One obtains an algebra AP, which they also call the affine partition
algebra, by taking the endomorphism algebra of a certain object in their category APar.
We prove that the affine partition category APar is in fact a full subcategory of the
Heisenberg category Heis. As a consequence, we obtain a basis for the morphism spaces
of APar, and prove that the algebra AP, of J. Brundan and M. Vargas is a quotient
of our affine partition algebra Agg. The results of Chapter 4 have been submitted for
publication (see [CD21]).

Chapter 5 is broken into two sections. The first is concerned with certain centralizer
algebras of the group algebra of the symmetric group. Namely, given any subset X C
{1,...,n} let Stab, (X) denote the subgroup of &,, consisting of permutations fixing X
element-wise, then the focus is on the centralizer algebra

Zn(X) :={g9 € C&, | mg = gr for all = € Stab,(X)}.

When X is the empty set () then the algebra Z,(X) is simply the center of CS,,. We
generalise many of the results of H. Farahat and G. Higman in [FH59] (which are recalled
in Chapter 2) to these centralizer algebras. We provide a class sum basis for Z,(X) and
prove a polynomial property regarding their respected structure constants in Theorem
5.17. From such we define a new algebra Z(X) over the polynomial ring C[z] (see Defini-
tion 5.33) which generalises the Farahat-Higman algebra presented in [FH59, Page 214].
The remainder of the section proves a variety of results regarding this new algebra, many
of which generalise known results regarding the Farahat-Higman algebra. A particularly
interesting result is Theorem 5.43 where we establish a connection between Z(X) and
the degenerate affine Hecke algebra. As a corollary we realise Z(X) as an endomorphism
algebra of a particular object in the Heisenberg category in a natural fashion. This sec-
tion appears quite disjoint from our previous work regarding the affine partition algebra,
however these results came about from investigating the image in Endg, (M ® V&) of
the action of A3 given in Equation (1.8).

The second section of Chapter 5 focuses on certain subalgebras Qor(M,n) of the
endomorphism algebras Endg, (M ® V®) | and uses the algebras Z(X) to establish
certain spanning sets for Qo (M,n). When M is a free CS,-module, we provide in
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Proposition 5.54 a basis for Qo (M, n) which generalises the orbit basis of the partition
algebra. In a way we view the algebra Qo (M, n) as a generalisation of the partition
algebra Asi(n) = Endg, (V®*) with the extension of the tensor space V& to M @ V&
where M is any C&,-module. In Theorem 5.52 we implicitly describe how the elements
of such a basis of Qo (M,n) multiply, with the main feature being that the structure
constants are polynomial in n. This allows us to define a new algebra Qgg which we
obtain from the algebras Q2 (M,n) in a similar manner to how Z(X) was obtained from
the centralizer algebras Z,,(X). The algebra Q"z‘g is our second construction of an affine
partition algebra. Unlike with Agg, we do not know a generating set or presentation
for Q;g, but we do have a basis for it. Under a certain projection Qgg — Qo (M,n)
the basis elements of Qgg which do not vanish form a spanning set for Qo1 (M, n), and
this spanning set is a basis whenever M is a free C&,-module. We end the chapter by
proving the existence of an algebra homomorphism Agg — Q%g. We suspect that such
a map is an isomorphism, but this appears very difficult to prove at this point.
In summary the main features of the thesis are as follows:

Chapter 3:

— Theorem 3.17: Z(Agk(0)) = SSymg[Ni, ..., Nog] for 6 €{0,1,....2k — 2}.
— Corollary 3.25: Alterntaive description of the blocks of Asgy(6) for any 6 € C.

Chapter 4:
— Definition 4.7 Definition of the Affine Partition Algebra Agg.
— Theorem 4.18: A%fkf satisfies affinization properties 1, 2, and 3.
— Theorem 4.24: .A%g satisfies affinization property 4.
— Theorem 4.53: .A;g partially satisfies affinization property 5.

Chapter 5:

— Theorem 5.17: Polynomial structure constants for class sum basis of Z,(X).
Definition 5.33: Definition of the X-marked cycle shape algebra Z(X).
Theorem 5.43: Establishing an isomorphism Z(X) = EndHeiS(T@X |).

— Theorem 5.52: Polynomial structure constants for defining basis of Qax (M, n).

— Definition 5.56: Definition of the Orbit Affine Partition Algebra Q%g.

— Theorem 5.65: Construction of an algebra homomorphism .Agg — Qgg.
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2 Background

2.1 Symmetric Group Algebra

2.1.1 Definitions and Presentation

For any bijection 7 : N — N we define Sup(w) := {i € N | 7(i) # i} and refer to such a set
as the support of m. We denote by Gy the set of all such bijections with finite support,
and refer to its elements as permutations. This is an infinite group under composition

of functions, and we write 1 for the identity. For any = € &y we write ||x|| := |Sup(7)].
We say a permutation m # 1 is a cycle if it acts transitively on its support. When this
is the case we write m = (a1, ag, ...,ax) where {ay,...,a;} = Sup(w) and

7(ai) = Qiy1(mod k+1)-

The length of a cycle is the size of its support, and from our convention all cycles are of
length at least 2. By decomposing the support of a permutation 7 into disjoint orbits,
we obtain a unique decomposition m = mmy--- g into cycles with pairwise disjoint
supports (up to rearrangement of cycles), and we say that m contains a cycle if it is
present in this decomposition. Given any n € N we let [n] := {1,2,...,n} and define
the finite subgroup &,, := {7 € &y | Sup(w) C [n]}. Naturally &,, C S,, for m < n and
Sy = Up>16,,. We identify &,, with the symmetric group of permutations of [n] in the
obvious manner, and let s; := (7,74 1) denote the simple transposition exchanging i and
i+ 1. We have the well-known presentation of &,, in terms of the simple transpositions
as follows:

Theorem 2.1. The group &,, has a presentation with generating set {s; | i € [n — 1]}
and relations

(i) s?=1,forie[n—1].
(i) s;s5 = sjs4, for j #i—1,i+ 1.
(iii) 8iSi+18i = Si4+-15iSi+1, for i € [TL — 2].

O

Let [n] := {1',2/,...,n'}, then we view &,, diagrammatically by associating a given
7 € 6, with the graph whose vertex set is [n]U[n'] and edge set {{i', 7 (i)} | i € [n]}. We
draw [n] and [n/] as rows with vertices increasing from left to right and with the former
row above the latter.
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Example 2.2. Diagrammatically the permutation = = (1, 3,2)(4,5) viewed in &g may

be interpreted by
1 3 4 5 6
= >0 X

2
120 3 4 5 6

From this perspective the product of permutations corresponds to stacking diagrams
and reading off the resulting pairs of vertices formed from the bottom and top row.
This set up will be given a more formal treatment to define the partition algebra in
Section 2.2.1. Also these diagrammtics will be extended to the degenerate affine Hecke
algebra in Section 2.1.7.

2.1.2 Conjugacy Classes of Gy and G,

In this section we recall the conjugacy classes of Gy and &,,. We define a graded monoid
whose elements index the conjugacy classes of Gy, and whose n-filtered components
index the conjugacy classes of &,. Some of the notation used in this section is non-
standard to better compare with the results proven in Chapter 5.

The group Gy acts on itself by conjugation, and the conjugacy classes of &y are
precisely the orbits of this action. As such for any 7 € Gy the conjugacy class of Oy
containing 7 is given by CL(7) := {7 | 7 = ono~! for some o € Sy}. Conjugation has a
natural description in cycle notation as shown in the following lemma (see for example
[JL93, Proposition 12.13)).

Lemma 2.3. Express m € Oy in cycle form as

™= (al,laal,Qa s 7a1,n1> e (am,lyam,% sy am,nm)
where {a;; | 1 <7 <m,1 <j <n;}=Sup(r). Then for any o € Gy,

ono " = (0(a11),0(a12), ..., 0(a1n,)) (0 (am1),0(am2); - - -, 0(Amn,,))-

O

From this lemma we see that ¢ € CL(7) if and only if ¢ contains the same number of
cycles of a given length as w. We will encode this information into a monoid as follows:
Let C denote the free commutative monoid on the infinite set {¢; | i € N}. Let ZY, be
the set of functions I : N — Z>( with finite support, that is there is only a finite number
of elements i € N such that I(i) # 0. Then for any I € ZY, we write

i€EN

which is well-defined since C is commutative and I has finite support. Then as a set
C={c|leZy,}. We can associated any element A = ¢! of C with the conjugacy class

of Sy consisting of all permutations which contain () number of cycles of length i + 1,
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for each i € N. We denote such a class by CL(A). To help with the generalisations we
will make later in Section 5.1.2, we will define a formal object called a cycle shape which
we may identify bijectively to the elements of C.

Given a set A, a cycle with entries belonging to A is a tuple (a,...,a,) € A*™ for
some m € N, where we only care about the order of the coordinates up to cyclic shifts.

Definition 2.4. Let % be a formal symbol. We define a cycle shape to be a finite
collection of cycles with entries belonging to {*}, where no cycles of length one are
present. We write a cycle shape as a formal product of its cycles by juxtaposition, where
the order of the cycles is immaterial.

We let () denote the unique cycle shape consisting of no cycles. It is clear that the
set of all cycles shapes indexes the conjugacy classes of Gy, where the class associated
to a cycle shape is all the permutations of Gy one can obtain by replacing the symbols
* with distinct elements of N. We may also identify C with the set of cycle shapes by
associating an element A = ¢! with the cycle shape consisting of I(i) cycles of length 4 + 1
for each 7 € N. We illustrate this by the following example.

Example 2.5. Consider the element A\ = cicici € C, we identify A with the cycle shape
A = (o, %) (o, %) (3, %, ) (o, 5k, 5, %) (5, 5 k%)

where we have added colours to aid in demonstrating the identification. The correspond-
ing conjugacy class of Gy is given by

CL(N) = {(a1, az)(as, as)(as, as, az)(as, ag, ato, a11) (a2, a13, a1s, ars) | (a;)i2; € N9},

where N'% is the subset of the 15-fold cartesian product of N consisting of tuples with
pairwise distinct entries.

We will not distinguish between an element of the monoid C and its associated cycle
shape. We define a degree function deg : C — Z>o by

o

deg;(clfcé2 e cﬁf) = Z(z + 1)i;.
i=1

In terms of the cycle shape, the function deg is simply counting the number of symbols
* appearing among the cycles. Recall that ||7|| = |Sup(7)|, then given any conjugacy
class C of Sy and permutations 7,0 € C, it is clear from Lemma 2.3 that ||x|| = ||o]||.
As such it makes sense to set ||C|| = ||x|| for any m € C. One can note that given A € C
and m € CL(X), we have that deg(\) = ||7|| = |Sup(7)|. Viewing Z>( as a monoid under
addition, it is clear that deg is a monoid homomorphism, and hence provides a grading
for the monoid C. For any n € Z>o we let C,, := {\ € C | deg(\) = n} denote the n-th
graded component of C. Also let

Can={N€C|deg\)<n}= || Cn

0<m<n
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denote the n-th filtered component of C. Now for any n > 0, the group &,, acts on itself
by conjugation and the conjugacy classes of G,, are the orbits of this action. Hence for
any m € &,, the conjugacy class of &,, containing 7 is given by

CLy(7) := {7 | 7 = ono~! for some o € &,,}.

Given any conjugacy class C of Gy and n > 0, let C, := CNG&,,. For the following result
see [FH59, Lemma 2.1].

Lemma 2.6. Given a conjugacy class C of Gy and n > 0, the set C,, is non-empty if
and only if ||C|| < n, and in this case C,, is a conjugacy class of &,,.

O

This result thus tells us that the n-th filtered component C<,, of C gives an indexing set
of the conjugacy classes of &,,. Given any A € C, the set CL,,(\) := CL(A\) N &,, is non-
empty whenever deg(\) < n, and in which case it is the conjugacy class of &,, consisting
of all permutations obtained by replacing the symbols * with distinct elements from [n].
It is well-known that the conjugacy classes of &,, are in bijection with the partitions of
n, and in turn these are in bijection with the n-th filtered component C<,, in a natural
fashion. We have chosen to focus on C<, as our indexing set for the conjugacy classes
of &, since this perspective will generalise better for the results on Chapter 5.

2.1.3 The Center of CS,, and the Cycle Shape Algebra 7

In this section we recall the center of the group algebra of &,, given in terms of the class
sum basis. We also recall the definition of an C[z]-algebra Z first presented in the works
of H. Farahat and G. Higman in [FH59], and recall some of its basic properties. What is
covered here will be generalised in Chapter 5 to certain centralizer algebras of the group
algebras of the symmetric groups.

We let C&,, denote the group algebra of &,, over C. Thus any element of C&,, is a
formal C-linear combination of permutations of [n]. We let

Zn:=Z(C6,)={2€C6, | zmr=nzforall m € &,}
denote the center of CG,,.
Definition 2.7. For n € Z>g and X\ € C<,, define the class sum element K,(\) € C&,
by
K,(A) = Z .
7ECLL(A)
Proposition 2.8. The set of class sums {K,,(\) | A € C<,,} forms a basis of Z,.

Proof. We first show that each class sum is central. For any o € &,, and A € C<,, since
CL,()) is an orbit with respect to conjugation we have that

oK,(\)o ™! = Z omo b = Z T = K,(A).

TECLL(A) TECLR(A)
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Thus 0 K,,(\) = K, (Ao for all 0 € &,,, confirming that K,,(\) belongs to Z,,. We now
show that any central element is a linear combination of class sums. Let

belong to the center Z,,. Thus ozo !t =z for all 0 € &,,, and so Qr, = Qg, for any m

and my belonging to the same conjugacy class of &,. Hence setting a) := a, for any
m € CLy(A), we have that z is the sum of terms a)K,(\) for each A\ € C<,, showing
that z is indeed a linear combination of class sums. Lastly since conjugacy classes are
disjoint, the class sums are clearly linearly independent.

O

Since the class sums form a basis of the center Z,,, one may express the product of
two class sums elements as a C-linear combination of class sum elements. It turns out
that the structure constants appearing in such products are polynomial in n. For the
following result see [FH59, Theorem 2.2].

Proposition 2.9. Let z be a formal variable. For any n € Z>¢, and each A\, u,7 € C,
there exists a unique polynomial f; “(z) such that in Z,, we have

KyNKa(p) = Y fLu(n)Ea(r).

TGCSn
O

Note that in general the conjugacy classes of Gy are of infinite size, and hence the class
sum elements do not have analogs in the setting of the group algebra C&y. Moreover, the
center of the group algebra CSy is trivial. However, one can define a new algebra over
the polynomial ring C[z] by more or less replacing the structure constants above with
their corresponding polynomial. This is what was done in [FH59], and the new algebra
Z which is formed in some sense plays the role of the the center of C&y comparable to
the finite cases Z,,. For the following definition see [FH59, Page 214].

Definition 2.10. Let Z be the free C[z]-module with basis {K(A) | A € C}. Equip Z
with the product given by the C|[z]-linear extension of

KEWE(p) = f{u(2)K(),

TeC
where f{ (z) are the polynomials in Proposition 2.9.

It is not a given that Z is a C[z]-algebra, but this was proved in [FH59], which we now
summarise. Firstly, from the definition of Z, it is certainly a distributive ring, that is
an object which satisfies all the axioms of a ring except possibly the associativity of the
multiplicative product, and the existence of a multiplicative identity. From Proposition
2.9 it follows that, as distributive rings, we have a surjective homomorphism pr,, : Z —
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Zy, given by pr,(K(\)) = Kp(\) and pr,,(z) = n. The kernel Ker(pr,,) is generated by
the polynomial z — n and the elements K (\) such that deg(A) > n. Hence one can see
that we have the trivial intersection

ﬂ Ker(pr,) = 0.

n>0

From such a result, one can show that given any Ri, Re € Z, then Ry = Ry if and only
if pr,,(R1) = pr,,(R2) for all n > 0. Then since each Z,, has a multiplicative identity and
is associative, one can deduce the same for Z.

As a CJz]-algebra Z is of infinite rank, with a basis indexed by the set of cycle shapes
C. It is worth remarking that for any A € C, the basis element K (\) of Z is not a class
sum element for any C&,,, nor is it an element of C&y. Such a basis element should be
thought of as a formal object which projects down to the class sums K, () of C&,, for
any n > 0.

We end this section with a brief discussion of some structural properties of Z. In
Chapter 5 these properties will be proved as special cases in a more general setting. It
can be shown that lifting the degree map deg on the cycle shapes C to a map acting on Z,
in the natural manner, gives a filtration of Z. Moreover, the multiplication of elements
in Z exhibit unique leading terms which are encoded by C. That is to say, given any
A, it € C we have that

KNK@p) = KOm+ > LK),
TeC
deg(7)<deg(Au)
where ¢y , € N and Ay is the product of A and p in C. Hence ¢y , K (Ap) is the term of
highest degree appearing in the product K(A)K(u) in Z. This leading term result can
be used to prove that the set {K(¢;) | i € N} is a generating set for Z, which natural
extends the fact that the elements ¢; generate the monoid C.

2.1.4 Jucys-Murphy Elements

We will be interested in a family of commuting elements of CS,, called the Jucys-Murphy
elements. These elements were studied in the works of [Jucys74] and [Murphy81] with re-
gard to giving an alternative description of the center of C&,, and of Young’s seminormal
form. They have a simple explicit description as a sum of certain transpositions.

Definition 2.11. For i € [n], the i-th Jucys-Murphy element Y; € CS,, is defined by
Yi= Y (5.9
1<j<1

It was demonstrated by A. Okounkov and A. Vershik in [OV96] that the Jucys-Murphy
elements can be used to provide a new spectral approach to the representation theory of
CG,,. It was shown that each simple C&,-module possesses a basis which diagonalises
the action of the Jucys-Murphy elements. Thus one may associate to any simple module
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a tuple of eigenvalues which plays the role of a weight from the representation theory of
semisimple Lie algebras. Then a combinatorial analysis of such weights recovers many
of the classical results regarding the representation theory of C&,. Such results will be
summarized in the next section. For this section we recall various algebraic properties
of the Jucys-Murphy elements. We start by establishing the commuting and recursive
relations.

Lemma 2.12. The following relations are satisfied in C&,,:
(i) Y3Y; =YY, for all i, j € [n].
(i) s;Y; =Yjs; for all j #4,i+ 1.
(iii) Yip1 = s;Yis; +s; for all i € [n — 1].

Proof. Ttem (i7) is immediate whenever j < i, otherwise conjugating Y; by s; simply
permutes the transposition (i, j) and (i+1, j) around, leaving the sum invariant, proving
(74). This implies that Y; commutes with C&; for all i < j which gives item (7). Lastly
conjugating Y; by s; gives the sum of transposition (j,7+ 1) for all j < ¢. This differs to
Yit1 by the term s;, which proves (iii).

O

As mentioned in Chapter 1, these relations are precisely the relations which are used to
construct the degenerate affine Hecke algebra H,, via a presentation (see Section 2.1.7).
The relation

Y;—i-l = SiY;Si + S;, (2.1)
and its affine counterpart (see (2)(#i7) from Definition 2.23) were core components in the
inductive arguments used in the combinatorial analysis of [OV96] in understanding the
weights of simple modules. One may alternatively define the Jucys-Murphy elements by
setting Y3 = 0 and constructing Y; 41 for i > 1 recursively according to Equation (2.1).

We end this subsection by giving an alternative description of the center Z, of the
group algebra C&,, using the Jucys-Murphy elements. First let Clyi,...,y,] be the
polynomial C-algebra in n commuting variables y1, ..., y,. Then &,, acts on Clyy, ..., y,]
by permuting the variables, that is for any 7 € &,, and f € Clyy, ..., y,] we have that
(mo f)Wis--syn) == f(Yr(1)s- -+ ¥Yn(n))- The subalgebra of symmetric polynomials is
given by

Symlyi,...,yn) :={f €Cly1,...,yn] | mo f = f, Vm € &, }.
By item (i) of Lemma 2.12 we have a C-algebra homomorphism Clyi,...,y,] — C&,
by letting y; — Y;. We denote the image of Symlyi, ..., y,] under this homomorphism
by Sym[Y1,...,Y,].

Theorem 2.13 (Theorem 1.9 of [Murphy83]). The center of C&,, is given by
Zn =Sym[Yy,...,Y,].
O

In Chapter 3 we will prove a new analogous result regarding the center for semisimple
partition algebras.
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2.1.5 Representation Theory

In this section we summarise some of the combinatorial features of the representation
theory of C&,. Much of the notation presented here and some of the results will be
used throughout the thesis. We will give an analogous description of the representation
theory of the semisimple partition algebras in Section 2.2.5.

For any n,l € Z>p, a tuple A = (A,...,\) € N is called a partition of n, written
Abn,if Ay > X > > XN and |[A] := A + -+ X\ =n. We let () denote the unique
partition of 0, and let A, := {\ € N | I > 0, F n} denote the set of partitions of n.
We associate any partition A = (Aq,...,\) € A, with the set of coordinates

A={(i,j) |1<i<l, 1<j<N}

We view such a set pictorially by representing each coordinate (7, j) as a box [J positioned
in row ¢ and column j, where rows read 1 to [ going from top to bottom, and the columns
read 1 to A going from left to right. This pictorial representation of a partition A is called
its associated Young diagram. In general we will not distinguish between a partition and
its Young diagram. We will let

A= | A

n>0

denote the set of all partitions.

Definition 2.14. Given A € A and box [0 = (7,j) € A, we let ¢(OJ) := j —i. Such a
statistic is called the content of the box. For any subset of boxes B C A\, we let ¢(B)
denote the multiset of contents of the boxes in B.

Given any A, € A, we write 4 C A whenever the associated Young diagram of p
is contained within that of A. In this case we let A\u denote the collection of boxes
contained in A but not in y, which is referred to as a skew diagram. We illustrate these
definitions with the following example:

Example 2.15. Consider the two partitions A = (2,2,1), 4 = (2,1) € A. Their associ-
ated Young diagrams are given by

A= , and M—Bj.

We have that c(\) = {1,0%,—1,—2} and c(u) = {1,0,—1}, with superscripts denoting
multiplicity. We have p C A\ and the corresponding skew diagram is given by

AN\p = DD

where c¢(A\p) = {0, —2}.
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For any A € A, we call a box O = (i,j) & A, for 4,5 > 1, an addable box of X if
adjoining it to the associated Young diagram of A yields a new Young diagram for a
partition of |A| + 1. Similarly, we call a box 00 € A a removable box of X if removing it
from the associated Young diagram yields a new Young diagram of a partition of || — 1.
We now have enough notation to describe Young’s lattice.

Definition 2.16. Young’s lattice S is the graded directed graph with levels indexed by
the non-negative integers such that:

(1) Vertices on level n are given by the set A,,.
(2) An edge p — X exists if there is an addable box [J of p such that A = p U O.

Example 2.17. The first five levels of g, reading top to bottom, are given by

0
|
/N
E
VERTERZN

TG
11 HY

A path in Sisa sequence T = ()\(i))?:m, with n > m, where A(® — A0+ is an edge
for each m <i <n —1. We let Path()\) denote the set of paths in S starting at level 0
and whose terminal vertex is .

Young’s lattice S encodes many combinatorial features of the representation theory
of all the symmetric groups simultaneously. From definition we have a natural chain of

group algebras

C:=C6pcClicCcCoyC---. (2.2)

It was shown (see for example [OV96, Theorem 2.9]) that this chain is multiplicity-free.
That is, given any finite-dimensional simple C&,,-module M, any simple constituent
in the restriction Resce, , (M) has multiplicity zero or one. The graph S describes the
multiplicity of such simple constituents as one restricts down the chain of Equation (2.2),
making S the Branching Graph of such a chain. This is summarised as follows (see
Theorem 2.2.10 of [K05]):

Theorem 2.18. For any n € Z>q:
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(1) The n-th level of S gives an indexing set for the isomorphism classes of simple
C&,,-modules. We let S* denote a simple module of class A € A,,.

(2) For any A\ € A,, we have
Rescs, ,(S*) = @ SH,

B
where the sum runs over all 4 € A,,_1 such that u — A is an edge in s.

(3) For each A € A,, we have dim(S*) = |Path()\)].
U

One may use item (2) from above to construct a basis for any simple module of
the group algebra of the symmetric group. First for any A € A,, we have a canonical
decomposition

ReSan_l(S)‘) = @ SH.

n—A

We may iterate this process on the summands to obtain a decomposition of Rescg., ,(S*)
into simple CG,,—2-modules, and such simple modules appearing can be indexed by
paths in S starting at level n — 2 and terminating at A. Hence continuing to restrict the
summands down the chain of Equation (2.2) allows us to obtain a unique decomposition
of Resce, (S*) into simple C&p-modules, i.e. into 1-dimensional C-vector spaces, which
are indexed by the paths in Path(\). Thus as C-vector spaces we have

Sf= P (2.3)
TePath()\)

where V7 is a 1-dimensional vector space. Note this shows that item (2) implies (3) of
Theorem 2.18. Picking a non-zero vector vt € Vr for each T € Path()\) gives a unique
(up to scalars) basis {vt | T € Path(\)} for S*. Such a basis is called a Gelfand-Zeitlin
basis, or simply a GZ-basis. We end the section by describing how the Jucys-Murphy
elements act on the GZ-basis of any simple module.

Definition 2.19. Let n € Zsg, A € A, and T = (A))2_ € Path()\). For any i € [n] let
cont(T,17) := ¢(O)

where [ is the single box belonging to the skew diagram /\(i)\)\(i_l). We refer to such a
statistic as the contents of T at 1.

For the following result see for example Theorem 2.2.10 of [K05].

Proposition 2.20. Let n € Z>g, A € Ay, and T = (\D)2, € Path(\). Let vt be a
GZ-basis element of the simple module S*, then for each i € [n] we have that

Yiur = cont(T,i)vr.
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O

Hence the GZ-basis simultaneously diagonalises the action of the Jucys-Murphy ele-
ments, and thus Equation (2.3) gives the decomposition of S* into the shared eigenspaces
of the commuting actions of the Jucys-Murphy elements.

2.1.6 Schur-Weyl Duality

Consider an n-dimensional C-vector space V' with basis {v1,...,v,}. For a,b,c € [n], let
Ef denote the endomorphism of V' acting on the basis by Ef(v.) = 0 cva where 8 is
the Kronecker delta. For k > 0 let VO := V ® ... ® V with k components. The set of
simple tensors {vg, ®- - ®@vg, | 1 <i <k, a; € [n]} forms a basis of VE*. For any i € [k]
and a,b € [n] we let E¢[i] denote the endomorphism of V®* acting on simple tensors by

ELLi) (00, ® -+ © ) = vey @+ D EL (1) @ -+ @ vy,

Hence Ef[i] acts on the i-th component by Ef. Note Ef[i] and Ej[j] commute for any
a,b,d,c € [n] and 1, j € [k] such that i # j.

Consider the Lie algebra gl(V') of endomorphisms of V' with Lie bracket given by the
commutator. Let U(gl(V')) denote the universal enveloping algebra of gl(V'), which is
the algebra generated by the set of elements {ef | a,b € [n]} and satisfying the defining
relations efe — eSefl = 0p €5 — dqqef for all a,b,c,d € [n]. The space V@ may be
regarded as a U(gl(V))-module with action U(gl(V')) — Endc(V®¥) given by

ef — Z EZ[4]. (2.4)

We let EndU(g[(V))(V®k) denote the space of endomorphisms which commute with this
action. The space V& is also an CSj-module by the natural action of permuting the k
tensor components. Let @, be the corresponding representation, hence

qjk,n(”) (Vay ® -+ ® Uak) = Va, Q@ Vay gy

for any m € &) and a; € [n]. It is clear that ® ,(m)EZ[i] = Ef[n(i)]Ppr (), and thus
from Equation (2.4) we see that ®y, ,(m) commutes with the action of U(gl(V')). Hence
we may regard @y, , as an algebra homomorphism C&x — Endy(gvy) (V@) We describe
this action in terms of the endomorphisms Ef[i] as follows. For 1 <i < j <k let

Qij:= Y ESHIELL] (2.5)

a,be[n]

Then one can observe that €); ; acts on simple tensors by exchanging the i-th and j-th
components. As such 2; ; is the image of the transposition (i,j) of & under @y, in
particular @ ,,(s;) = €;,;41. For the following result see for example the Theorem of
Section 3 in [CL74].
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Theorem 2.21. The algebra homomorphism ®;, ,, : C&; — EndU(g[(V))(V®k) is surjec-
tive, and is an isomorphism when n > k.

O

Schur-Weyl duality provides a much richer collection of results than just the above
theorem, but for our purposes such theory will not be required. We are only interested
in the morphism ®,, ;, and its various generalisations. In particular we will be describing
an extension of this morphism to the degenerate affine Hecke algebra in the next section.
To help compare and motivate this extension we end by stating the action of the Jucys-
Murphy elements, which follows directly from their definition as a sum of transpositions.

Lemma 2.22. For any k,n € Z>, and i € [n], we have that

(Vi) = D Q.

1<j<e

2.1.7 Degenerate Affine Hecke Algebra

In this section we give the definition of the degenerate affine Hecke algebra H,,. This
algebra is constructed from the group algebra of the symmetric group C&,, by adjoining
new pairwise commuting generators and imposing relations on them which are analogous
to those presented in Lemma 2.12. We present a variety of basic results regarding this
algebra with a focus on how it extends certain properties of C&,,.

We begin by defining H,, by generators and relations.

Definition 2.23. The degenerate affine Hecke algebra H,, is the C-algebra presented
with generating set
{si,y; |1 <i<n-—-1, je[n]}
and defining relations
(1) (1) s?=1,forie[k—1].

(ii) sisj = sjs;, for j #i—1,1+ 1.
(iii 8iSi118i = Si4+-185iSi+1, for i € [k — 2].
2) @

(ii

(111) Yi+l = Siyisi + s; for all ¢ € [k? - 1]

)
)
) viy; = y;y; for all 4,5 € [k].

) siy; = y;s; for all j #4,i+ 1.

We have overloaded the symbols s; as elements of H,, and CG&,,, however it will be
shown that the subalgebra generated by these elements in ,, gives an isomorphic copy
of C&,,. Relations (1) above are precisely the relations of the presentation of &,, given
in Theorem 2.1, while relations (2) are obtained from Lemma 2.12 by replacing the
Jucys-Murphy elements Y; with the generators y; respectively. Note that the relations
present in Theorem 2.1 and Lemma 2.12 are invariant under a shift in indices, hence we
immediately obtain the following result.
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Lemma 2.24. For any | € Z>o we have an algebra homomorphism p; : H,, = C&,,4;
defined on the generators by p;(s;) = s;1; and pi(y;) = Y.

O

For the case [ = 0, the homomorphism pg is a surjection of H, onto C&,,. We also
have a homomorphism ¢ : CS,, — H,, given by ¢(s;) = s;. Clearly the composition pgo ¢
is the identity on C&,,, and hence ¢ has a left inverse. This implies that ¢ is injective,
and thus CS,, is indeed the subalgebra of #,, generated by the elements s; for i € [n—1].
So we may interpret any permutation m € G,, as an element of H,. Collectively C&,, is
both a subalgebra and quotient of H,,.

We refer to the generators yi,...,y, as the affine generators. Relation (2)(iii) of
Definition 2.23 shows that the affine generators share the same recursive structure as
the Jucys-Murphy elements. The base case is taken to be the generator y; itself, as
opposed to Y1 = 0. As such any affine generator may be expression in terms of the
generators s; and y1, that is to say Hy, = (s;,y1 | 1 < i < n —1). From this one can
deduce that Ker(pg) = (y1), the two-sided ideal of H,, generated by y;.

The algebra H,, has a natural basis.

Theorem 2.25 (Theorem 3.2.2 of [K05]). The set

{ﬂ-y?l e ‘y’(rlzn | (ala s >an) S Zgo, T e Gn}
is a basis for H,,.
O

As a corollary the subalgebra of ‘H,, generated by the affine generators is precisely the
polynomial algebra C[yi,...,y,] in n commuting variables. The projection pg acts on
this subalgebra by evaluating the variables at the Jucys-Murphy elements. In this sense
the algebra H, was obtained from CG&,, by lifting the Jucys-Murphy elements to free
commuting variables.

Recall from Theorem 2.13 that the center of the group algebra of the symmetric group
is given by symmetric polynomials in the Jucys-Murphy elements. We have an analogous
result regarding the center of H,,.

Theorem 2.26 (Theorem 3.3.1 of [K05]). The center of #,, is given by

Z(Hn) = Sym[y17 e 73/71]7
the symmetric polynomials in the affine generators.
O

Restricting the projection pg down to the center of H,, thus gives a surjective ho-
momorphism between the centers Sym[yi,...,yn] — Sym[Y1,...,Y,]. The inclusion
Sym[yi,...,yn] € Z(Hy) can be proven by direct computations, but it is worth men-
tioning that the reverse inclusion requires the use of Theorem 2.25.
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We now wish to describe a representation of Hjp which gives a counterpart to the
representation ®y,, of C&y, given in Theorem 2.21. Recall the set up in describing @ ,,
in Section 2.1.6. Let M be any (possibly infinite dimensional) U(gl(V'))-module with
basis {m; | i € I} for some indexing set I. Then for any k € Z>( we consider the tensor
space M @ VO with basis {ma, ® va, ® -+ @ va, | (ag,a1,...,ax) € I x [n]¥}. We refer
to the M component of the tensor space M ® V¥ as the 0-th component. For any
a,b € [n] and 0 < i < k, let EZ[i] denote the endomorphism of M @ V®* acting on the
i-th component by Ef (or by ef when i = 0). We may regard the operators (; ; given
in Equation (2.5) as operators of M ® V®* in the natural manner. We can extend the

definition by setting
Qo= Y EFOES[],
a,be[n]

For any j € Z>¢. For the following result see [AS98, Section 2.2].

Theorem 2.27. For any k,n € Z>o and U(gl(V))-module M, we have an algebra
homomorphism

M
O Hy — Endygiry) (M @ VEF)
given on the generators by

q)](g],\i)(si) = Qi,iJrl» and (I)kn yj Z Q INE

0<i<y
for alli € [n — 1] and j € [n].
U

Comparing with the action of the Jucys-Murphy element Y; on V@ displayed in
Proposition 2.61, the action of the corresponding affine generator y; on M ® V @k differs

only in the term g ;. Therefore the representation ®( ) has extended that of @y, in
Theorem 2.21 by allowing the affine generators to act in a way which has generalised
the action of the Jucys-Murphy elements onto an additional factor of M. For example,
letting > 0 and M = V® (with action given by Equation (2.4) with k replaced by [),
then one can deduce that the representation

®1
(I),(:n ) : Hk — EndU(g[(V))(V®(l+k))

®1
satisfies @,g:l ) = ®y. ., 0 p1, where p; is the homomorphism given in Lemma 2.24. In

®l)

particular the affine generators y; act under <I>§€Vn
Murphy elements Y;; act under @ ,,.

We now end this section by giving a brief description of how the diagrammatics of
CG,,, mentioned at the end of Section 2.1.1, can be extended to H, by introducing
decorations. This discussion will be an informal one. A more rigorous treatment of
these diagrammatics will be postponed to Section 4.3 of Chapter /. As a diagram, the
identity permutation of &,, consists precisely of the trivial edges {{i’,i} | i € [n]}. We

in the same manner that the Jucys-
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may associate the affine generator y; of H,, with the diagram we get from the identity
diagram by adding a decoration (black dot) onto the edge {i’,i}. For example with j = 3
we have

—
)
w
W~
o3

as an element of Hs. These dots can move freely along their edge and commute, which
allows relation (2)(i) and (2)(ii) of Definition 2.23 to be satisfied. To capture rela-
tion (2)(iii) of Definition 2.23 within these diagrammatics, a local relation is imposed
describing how a dot passes over a crossing of edges. This is given by
X=X (2.6)
Algebraically this is equivalent to the relation s;y; = y;4+158; — 1, which is equivalent to
relation (2)(ii7) of Definition 2.23. Hence a permutation diagram with decorations on
its edges represents a word in the generators {s;,y; | i € [n — 1], j € [n]} of H, and

moving a decoration along its edge corresponds to employing a sequence of the relations
(2) of Definition 2.23.

2.2 Partition Algebra

2.2.1 Definitions and Presentation

Given a finite set X recall that a set partition o = {Aq,..., Ap} of X is a collection of
non-empty subsets such that 4; N A; = 0 for all ¢ # j and X = [J;"; A;. We will write
a b X to denote this and refer to the elements A; as the blocks of a. Any graph with
vertex set X and whose connected components partition the vertices according to the
blocks of a will be called an associated graph of «. We will not distinguish between a
set partition a and any associated graph of «, in particular we will only care about the
connected components of such graphs, not the edges forming the components. For any
x,y € X we write x ~, y whenever x and y belong to the same block of a, and write
T %4 y otherwise.

Now for any k € N recall that [k] = {1,...,k} and [K/] = {1',...,k'}. Let Ily; denote
the set of all set partitions of [k] U [k']. We call any associated graph of an « € Iy a
partition diagram. When drawing such diagrams, we arrange the vertices in two rows
with the top row reading 1 to k from left to right, and the bottom row reading 1’ to &’
from left to right. We call the vertices [k] top vertices and [k'] bottom vertices.

Example 2.28. In I3 we have the identification

1 2 3 4 5

{{1,2,2/,3},{3'},{1",4,4'},{5,5'}} = % I
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We now describe an associative product on the set Ily.
Definition 2.29. Given «, 8 € Il we define the product a0 8 € Iy as follows:

(i) Construct ax g+ {1,...,k,1',... k', 1”7 ... K"} by identifying, for each i € [k],
the bottom vertex i’ of o with the top vertex i of 3, then relabel the vertex by 7”.

(il) With axf = {A1,...,A,} define oS to be the set of all non-empty A; N([k]U[E']).

We refer to the elements of the set {1”,...,k"”} as the middle vertices of a x . Di-
agrammatically step (i) in Definition 2.29 corresponds to stacking « on top of 8 while
step (i7) is the action of removing connected components containing only middle ver-
tices, and then reading off the connected components formed from the top row of o and
the bottom row of 5, see Example 2.30 below. We refer to the set partition ax 5 as a
stacked diagram. Often in the literature both steps are described in unison without the
need to define a stacked diagram, however we will find it helpful to have such an object
to work with for later results.

Example 2.30. Consider the elements o, 8 € Iy given diagrammatically by

4 5

1 2 3 4 5/ 1 203

Here the middle row of vertices of ax 3 are labelled 1”7 to 5” from left to right. To go
from a x 8 to oo § the middle component {3”} has been removed and the remaining
middle vertices have been ignored.

This product is easily seen to be associative and it is clear that the set partition
1 ={{i,7'} | i € [k]} € Iy is an identity element. Thus Il is a monoid, and is called
the partition monoid. When drawing partition diagrams we will often suppress the labels
of the vertices since these can be deduced from their relative positions. The symmetric
group Sy, can be regarded as the submonoid of Iy, by associating any permutation 7 with
the partition diagram {{i’, 7 (i)} | @ € [k]}, which we call a permutation diagram. These
permutation diagrams are precisely the diagrams described at the end of Section 2.1.1.
The subgroup &y, of Iy is precisely the subgroup of units of Ilyy.

Whenever k € Z-o we define Ils;_1 to be the subset of Ily, consisting of all set
partitions such that k& and k&’ belong to the same block, that is

Ilop_1 := {Oé € Il | k ~g k‘/}
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For instance the set partition « in Example 2.30 is a member of Ilg, while 3 is not. It
can be seen diagrammatically that IIs;_q is closed under the product o, and hence Ilg;_1
is a submonoid of Tly;. Furthermore Ily;_1) can be realised as the submonoid of g1
consisting of all set partitions containing the block {k, &'}, that is

H2(k:—1) = {Oé € Ilopq | {k‘, ]{7/} € Oé}.

For instance, under such an isomorphism, we may interpret the set partition a in Fxample
2.30 as an element of IIg which sits inside Ilg. As for the element 3, the smallest
partition monoid containing it is Il;g, and for example we may view (§ as an element
of TI1; by adjoining the block {6,6’}. In this manner we obtain a chain of monoids
() =1y C II; C IIy C ..., which have a natural diagrammatic interpretation. Any time
we write II; C II, for ¢ < r, we abide by the identification given in this chain. We also
have that |II.| = B,, where B, is the r*® Bell number.

Let z be a formal variable and C[z] the polynomial ring in z over the field C. We now
present the definition for the partition algebra which is an algebra over the ring Clz].

Definition 2.31. For any k € Z>, the partition algebra Asgx(2) is the C[z]-algebra with
{D(a) | o € Iy} as a C[z]-basis whose product is given by

D()D(B) = z™*?) D(a 0 )

for all «, 8 € Iy, extended linearly over C[z], where m(«, /3) is the number of blocks of
a x B containing only middle vertices.

As was the case for the partition monoids, for any i < 2k we may regard A4;(z) as
the subalgebra of Agy(z) generated as a C[z]-algebra by {D(«a) | a € II;}. We refer to
the set {D(«) | @ € II,.} as the diagrammatic basis of A,(z). We may regard C[z]Sy
as the subalgebra of As(z) generated by D(7) for all permutation diagrams 7 € Ilo.
We abuse notation a little and use partition diagrams to also represent elements of
the diagrammatic basis. In this manner an arbitrary element of A,(z) is a C[z]-linear
combination of partition diagrams. The product of A, (z) is a deformation of the monoid
product of II,. More formally, as described in [W07], the algebra A,(z) is the twisted
semigroup algebra of I, with twisting t : I, x II, — C[z] given by t(a, B) = 2™®F),

Example 2.32. Consider the set partitions «, 5 € Iljg given in Fzxample 2.30. The
stacked diagram ax 3 contains only one block consisting only of middle vertices, namely
the block {3"”}. Hence m(a, ) = 1 and so

We can view A,(z) as an algebra over C with basis {z"D(a) | n € Z>p,a € II,}.
When we want to stress this perspective we will use the notation A, instead. For any
d € C we define the C-epimorphism evs : C[z] — C by evs(z) = 6. Then by extension of
scalars we may define the C-algebras

A (8) 1= C @eyy Ar(2).
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We let Ds(a) :=1® D(«a) € A,(6) and so {Ds(a) | @ € II,} gives a diagrammatic basis
for A, (d). Thus the algebra A, (J) is finite dimensional with dimc (A, (0)) = B,. We have
a canonical projection of rings prs : A,(z) — A,(0) defined by evaluating polymonials
f(z) = f(0) and D(«) — Ds(cr). One may define the algebra A,(J) in a completely
analgous manner to A, (z) with the role of z instead being played by §. When 6 = 1 the
algebra A, (1) is precisely the monoid algebra of II,.

We end this subsection by recalling a presentation of the partition algebra Agk(2).
For i € [k — 1] and j € [k], we define the following elements of Agg(z):

1 i i+l k 1 J k
[ ]
Sz: I I >< I I ’ 62‘7_1: I I [ I I ’
1/ i/ (Z-‘rl)/ k/ 1/ ]/ k/
1 i i+l k
= | ] -1,
1 i’ (1) 1%

One can deduce that these elements generate the algebra Agx(z). We use the same
notation for these generating elements for their projections to Asi(d). The following
presentation for the partition algebra is given in terms of these generators and was first
established by T. Halverson and A. Ram in [HR05], see also [East11].

Theorem 2.33 (Theorem 1.11 of [HR05]). The partition algebra Ay, (z) has a presen-
tation with generating set

fsive; i€ b—1],j € 2k —1]}

and relations
(HR1) (Coxeter relations)

(i) s7 =1, forie [k—1].

(ii) sisj = sjsg, for j #i—1,1+ 1.
(iii) S8iSi+1S8i = Si+18iSi+1, fori e [k — 2].
(HR2) (Idempotent relations)

(i) €%, = zegi_1, fori € [k].

(ii) e3; = eq;, for i € [k —1].
(iii) s;e9; = e9;8; = eg;, for i € [k — 1].
(iv) siezi—1€2i41 = €i—1€2i+15; = e2i—1€2;11, for i € [k —1].
(HR3) (Commutation relations)

(i) e2i-1€2j-1 = egj—1€2;-1, for i, j € [k].
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(ii €2;€2; = €2;j€2;, fori,j € [k — 1].

(111 egi_legj = 62]‘62,‘_1, for j 75 7 — 1,i.

)
)
(iv) sijegj—1 = eaj_18;, for j #i,i+ 1.
(v)
)
)

(vi

Si€25 = €255, for j 75 1 — 1,i + 1.
S8;€2;—15; = €241, for ¢ € [k‘ — 1].

(Vii 8;€2;—928; = S;—1€2i{Si—1, for i € [k‘ — 1].

(HR4) (Contraction relations)
(i) ejeir1e; = e; for i € 2k — 2].

(ii) €i+1€i€i+1 = €41, for ¢ € [2]@‘ — 2].
O

The presentation above extends to one for the C-algebra Ay, by simply adding z as
a central generator. The C-algebra Ag,(d) has a presentation identical to above with
the exception of replacing z with ¢ in relation (HR2)(i). From this presentation, one
can easily check that for any § € C we have a surjective C-algebra homomorphism
fs : Agg — CSy, given by f5(z) =0, fs(e;) =0, and fs5(s;) = s;. Thus the group algebra
CG6y, is not only a subalgebra of Ag; but also a quotient.

From the symmetry of the above presentation, one can deduce that we have an anti-
involution * : Ag(2) — Agi(z) which fixes the generators s; and e;. Diagrammatically
this map corresponds to flipping a partition diagram up-side-down (i.e. swapping vertices
i and 7' around for each i € [k]), and extending linearly over C[z]. We denote the image
of an element a € Ask(z) under this anti-involution by a*.

2.2.2 Jucys-Murphy Elements and Enyang’s Presentation

A collection of Jucys-Murphy elements L, ..., Lo for the partition algebra Ag(z) were
first defined in [HRO5] where they gave a diagrammatic description. They were later
given a recursive definition in [Eny12]. This recursive definition introduced new elements
o; € Ai+1(2) which resemble the simple transpositions, and we will refer to these as
Enyang’s generators. We now give the definition of such Jucys-Murphy elements and
Enyang’s generators as presented in [Eny13] (with some typos corrected).

Definition 2.34. Let L1 = 0,Ls = e;,09 = 1, and 03 = s;. Then for i = 1,2,...,
define
Lojio = 5;Lo;s; — siLaojea; — e2;L0is; + ea;Lojeai1€2; + 02i41,

where, for i = 2,3, ..., we have

02i+1 = 8i—15i02i—18;Si—1 + 5i62i—2L2i—23i€2i—23i + e2i—2L2i—23i€2i—2

- 32'621'—2L2i—232’—1622'622'—1621'—2 - 621'—2621'—162i3i—1L2i—2€2i—23i-
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Also for i =1,2,..., define
Lojy1 = siLoi—18; — Lajea; — ea;Lo; + (2 — Lo;—1)ea; + 02,
where, for i = 2,3,..., we have
02; = 8i—18;02;—25iSi—1 + €2i—2L2; 25;€2;_28; + Si€2;—2L9; 25;€2; 2
—e2i—2L9; 98 1€2;€2; 1€2;_2 — Si€2i_2€2;_1€2;S;—1L2; 2€2; 25;.

A proof by induction can confirm that L; € A;(z) and o; € A;11(z). We use the
same notation to denote the corresponding elements in A, (8). The two recursive expres-
sions for the Jucys-Murphy elements Lo;1o and Ls;41 above are the partition algebra
counterparts to Equation (2.1) of the Jucys-Murphy elements of CS,,.

Example 2.35. The first few non-trivial examples are

L e T

o] LT
o] 1 -
=] DO T

Even though the recursive definitions of the Jucys-Murphy elements are quite involved,
J. Enyang managed to prove a variety of relations within both [Enyl12] and [Eny13]
involving the Jucys-Murphy elements and Enyang’s generators. We will be employing
many such relations throughout this thesis, most of which will not be recalled here but
rather referenced when needed.

Remark 2.36. The change of notation between [Eny12] and [Eny13] is given respectively
by pi ~ e2i—1, P 1~ €2iy 0 ~ 02i-1, 031 ~ 02iy Li ~ Lo, and L1~ Loiyr.

We will however recall some properties proved in [Eny12] which will be used frequently.
Proposition 2.37. The following relations hold for all ¢ > 1:

(i) LY = L; and o} = 0.

(ii) L; commutes with A;_1(z).

(iii) 041 commutes with A;_;(z).
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Proof. Ttems (i7) and (éi7) are given in [Enyl2, Theorem 3.8]. For item (i) we have
that L3, _; = Lgj—1 by [Enyl2, Proposition 3.3 (2)], and we have that L3, = Lg; by
definition and noting that Lg; commutes with eg;11. We have that o}, = o9; by [Enyl2,
Proposition 3.3 (1)], and it follows that o3, ; = 02;1+1 by [Eny12, Proposition 3.4].

O

We will often use the properties of the above proposition without reference when clear
to do so. Note that since L; € A;(z), item (i7) above implies that the Jucys-Murphy
elements pairwise commute. We now recall an alternative presentation of the partition
algebra involving Enyang’s generators.

Theorem 2.38 (Theorem 4.1 of [Eny12]). The partition algebra Asx(2) has a presen-
tation with generating set

{ai,ej | 3<i<2k—1, j€ [2]{*1]}
and relations:

(E1) (Involution)
(i) 03,5, =1forie[k—2]
(ii) 03, =1 fori € [k—1].
(E2) (Braid relations)
(i) 02i41025 = 0950941 for j #i+ 1.
(i) 02i4+102j4+1 = 02j4102i41 for j #i+ 1.
(ili) o909 = 09509, for j # i+ 1.
03, 7=1

(iv) $i8i+15 = Si+15iSi+1, for i € [k — 2], where s; = ,
020241, J>1

(E3) (Idempotent relations)
(i) €3, = ze9i—1 for i € [K].
(i) €3, = eg for2>i<k—1.
(iil) ogj41€2; = €2;0241 = eg; for i € [k —1].

)
)
(iv) ogie9; = egjo9; = eg; for 2 < i <k — 1.
)
)

v

—~

02i€2i—1€2i+1 = 02j41€2i—1€24+1 for 2 <i < k — 1.

(Vi) eziy1e2i—102; = €gjr1€2i—102i41 for 2 < i <k —1.

(E4) (Commutation relations)
(i) €i€j = €€, if |Z —]’ > 2.
(ii) 02;—1€25—1 = €2j-102i—1, ifj 7& 1 — 1,i.

(iii) 02;—1€25 = €2502i—1, ifj 7é i
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(iv) ogie9j—1 = egj_109;, if j # 4,1+ 1.
(V) o2iej = egjog;, if j #1i— 1.
(E5) (Contractions)
(i) ejeir1e; = €; and ejr1€ei41 = €41, for i € [2k — 2].
(i) o2i€2i—102; = 02i41€2i4102i41, for 2 <i <k — 1.

(ili) ogie2i—209; = 02i_1€2;02;—1, for 2 <i <k — 1.
O

Only the elements o; for ¢ > 3 were involved in the above presentation since the
even indexed base case o2 = 1 is trivial. The elements s; in the above presentation are
precisely the simple transpositions of the subalgebra of C[z]Sy.

From (i¢) and (iii) of Proposition 2.37, one can deduce that L; and ¢; commute
whenever j # ¢ — 1,4,4 + 1. We end this subsection by providing relations which tell
us how the Jucys-Murphy elements interact with Enyang’s generators when they do not
comiute.

Proposition 2.39. The following relations hold for any ¢ > 1:

(i L2i+1 = UZiLQi—IU% — €2{€2{—102; — 02i€2;—1€2; + €2i€2i+102i€2i+1€2; + 02;.

(iii) Loj = 09;L2i09; + €2i€2i—102; + 02i€2i_1€2; — €2;€2i4+1 — €2, 41€2;.
(iv) Loit1 = 02i+1L2i4+102i41 — €2i€2i+102i+1 — 02i+1€2i+1€2i + €2i€2i+1 + €2i4+1€2;.

Proof. (i): By definition,

(ii) L2i+2 = U2i+1L2i02i+1 — €2i€2i+1 — €2i4+1€2; T €2€2i+102i4+1€2i+1€2; + 02i+1.

Loit1 = siLoi—15; — Lajea; — ez Lo + (2 — Laj—1)ea; + 02;. (2.7)
We examine the right hand side term by term. For the first term we have
2
siloi—18; = 02i02i41L2i-102i1102; = 02;05;11L2i—102; = 02iL2;—109;.

For the second term, multiplying [Eny12, Proposition 3.2 (3)] on the left by s; we get
02i€2;—1€9; = Loses;. Acting by the anti-automorphism * yields eg;eo;_109; = e9;Lo; for
the third term. Lastly for the forth term

(z — Loj—1)ezi = (2 — Loj—1)eziezir1€2i
= e9i(z — Loj—1)e2it+1€2

= €2(€2;4+102;€2;+1€2;

where the last equality follows by [Eny12, Proposition 4.3 (2)]. Substituting these terms
back into Equation (2.7) yields (7).
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(ii): By definition,
Lojio = s;L2;s; — siLajea; — e2;L2;s; + eg;Lojezi1€2; + 02i41. (2.8)
Multiplying this equation on the left and right by o9; gives
Lojy9 = 09i41L0i02i41 — 02i41L2i€2; — €2;L2;02i11 + e2;Lojeait1€2; + 0241
2 2
= 02110120241 — 05,1 1€2;11€2; — €2;€2i1105; 11 + €2i€2;1102;11€2;11€2; + 0241
= 092i+1L2i02i11 — €2i11€2; — €2i€2i11 + €2€2i4102;1+1€2i+1€2; + 0241

which gives (i), where the second equality follows by relation 0g;11€e2i+1€2; = Lojes; and
its dual eg;e9; 109,41 = e2;Lo;, which follows from [Eny12, Proposition 3.2 (3)].

(7i): It was shown in [Enyl2, Proposition 3.10] that the element Ly + Lo + --- + L,
belongs to the center of A,(z). From this, and the fact that L; and o; commute whenever
j#i—1,4,i+ 1, one may deduce that

02i(Loi—1 + Lo + Lojt1)09; = Loj—1 + Lo; + Lojy1.
Rearranging gives
Lo = 09iL2;09; + (02iLa;—102; — Lojy1) + (02iLoiy102; — Lai—1). (2.9)

We examine the bracketed terms in Fquation (2.9). Rearranging (i) gives the first
bracketed term as

02iL2;_102; — Loj11 = €2;€2;_102; + 02i€2;_1€2; — €2;€21102;€2i+1€2; — 02;.

Multiplying this on the left and right by o9;, and then rearranging gives the second
bracketed term

02iL2i+109; — Laj—1 = —e€gi€2i—1 — €2i—1€2; + €2,€2i+102;€2i+1€2; + 0.
Substituting these back into equation Equation (2.9) yields (7).
(iv): Analogously to the previous case, one can deduce that
02i+1(L2;i + Loiy1 + Laiv2)02i+1 = La; + Laiv1 + Loisa.
Rearranging gives
Loit1 = 09i41L2i1102i+1 + (02i41L2i02i41 — Lait2) + (02i41L2i4202i11 — Lo;). (2.10)

We examine the bracketed terms in Equation (2.10). Rearranging (2)(7i) gives the first
bracketed term as

02i+1L2i02i+1 - L2i+2 = €2{€2i4+1 T €2i+1€2; — €2i€2i+102i+1€2i+1€2; — 02+1-

Multiplying this on the left and right by o9;4+1, and then rearranging gives the second
bracketed term

U2i+1L2i+202i+1 — Ly = —€2i€2i+102i+1 — 02i4+1€2i+1€2; T €2{€2i+102i+1€2i+1€2; + 02i+1-

Substituting these back into equation Fquation (2.10) yields (iv).
O
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2.2.3 Representation Theory

In Chapter 3 we will provide a description of the center of the partition algebra Agx(2)
and as a result obtain a spectral condition which describes the blocks of Ay (d) for
any 6 € C. To do so we will utilise certain results regarding the representation theory
of the partition algebras. This subsection seeks to summarise all such results. We first
recall some semisimple results analogous to those presented in Section 2.1; describing the
branching graph of the partition algebras, the Gelfand-Zetlin basis for simple modules,
and the corresponding diagonal action of the Jucys-Murphy elements. All such results
can be found in [HRO05]. Next we give the combinatorial description of the blocks of the
partition algebras first presented in [Martin96]. Lastly we mention a basis for the cell
modules of the partition algebras and recall the upper triangular action of the Jucys-
Murphy elements on such a basis as described in [Eny13].

Semisimple Case

Here we focus on the C-algebras A, (0) for parameters 6 € C. The partition algebra
A,-(9) is semisimple for all but a finite number of choices of §. The following result is
due to [MS94] (see also [MS93], [Martin96], and [HRO5]).

Theorem 2.40. For r € Z>g, the partition algebra A, (J) is semisimple if and only if
5¢{0,1,...,2[5] —2}.
U

Using the natural diagrammatic embeddings of the partition monoids described in
Section 2.2.1, we have a chain of C-algebras

C=Ap(d) C A1(0) C Az(6) C -+ C A(9). (2.11)

It was shown in [MR98, Proposition 1] that, when § ¢ {0,1,...,2[5] — 2}, this chain
is multiplicity-free. That is, given 1 < i < r and any simple A;(§)-module M, the
multiplicity of any simple A;_1(d)-module in Resy, (5 (M) is at most one. As was
the case for the chain of group algebras of the symmetric group, the description of the
simple constituents arising from restriction over the above chain may be encoded in
a combinatorial manner by a branching graph, which we describe below. Recall from
Section 2.1 that A,, denotes the set of partitions of n. Then we define the set

Hence any element A € A<, is a partition A -4 for some ¢ =0,1,...,7.

Definition 2.41. We let A denote the graded directed graph with levels indexed by the
non-negative integers such that:

(1) Vertices on level r are given by the set A< z) x {r}.
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(2) For r even, an edge (A, 1) — (u,r + 1) exists if either
(a) A=p,or
(b) w is obtained from A by removing a box.
(3) For r odd, an edge (A, 7) — (u,r + 1) exists if either
(a) A=p, or
(b) w is obtained from A by adding a box.
The second coordinate of a vertex of A simply records the level it belongs to. We have

included this as the partition in the first coordinate will appear in multiple levels, and
we wish to distinguish between them easily.

Example 2.42. The first seven levels of A (where we have dropped the second coordinate
of vertices and instead recorded the level to the left) are given by

0

<—— 0O <— 0O <«<— 0O
A B/
(HN]

J <—

NN

%

w
S e R e S R T e S e S R e S

m\az)@

A path in A is a sequence T = (M@ 9))r_, for some r > s where (A\() ) — (AT i41)
is an edge. We alternatively write

]
H
.

T =\ 5 A6+ 5 o5 2\,

We let Path(A,7) denote the set of paths in A starting at level 0 and whose terminal
vertex is (A, r). Truncating the graph A up to level r gives the branching graph associated
with the multiplicity-free chain of Equation (2.11). We summarise this in the following
theorem (see [HRO05, Theorem 2.24] and [Martin00, Proposition 7]).

Theorem 2.43. Let r € Z>g and 0 ¢ {0,1,...,2[5| —2}. Then for all 0 <¢ <r:



(1) The i-th level of A gives an indexing set for the isomorphism classes of simple
A;(0)-modules. Let AXY) denote a simple module of class (), i) € Aiy x {i}-
=13

(2) Fori>1and (\i) €A , we have
ResAPl((g)(A(/\’i)) = @ A=l
(mi=1)=(A\d)
where the sum runs over all edges (p,7 — 1) — (\,4) in A.
(3) For cach (X,i) € A we have dim(AX9)) = |Path(X, )]
(]

As was the case for the group algebra of the symmetric group given in Section 2.1.5,
we may employ item (2) of the above theorem to obtain a canconical decomposition of
any simple A, (d)-module AMXT) into one dimensional vector spaces indexed by paths.

That is
AV @D
TePath(A,r)

where V7 is 1-dimensional. Picking a non-zero vector vt € Vy for each T € Path(\,r)
gives a unique (up to scalars) basis {vr | T € Path(\,r)} for the simple A, (§)-module
AR Again we refer to such a basis as the Gelfand-Zetlin basis, or GZ-basis for short.
Lastly, T. Halverson and A. Ram showed that the GZ-basis of a given simple module
AT diagonalises the action of the Jucys-Murphy elements, and they gave a description
of the corresponding eigenvalues. To present this we first define the following.
Definition 2.44. For (A7) € A, path T = (A, 4))7_, € Path(\,7), and 0 < i < r,
when ¢ is even we set
—IA@]. i 2@ = )\G-1)
cont(T, i) := 2= A 1 . .
¢(0), if A& = \6-Dy{my
and for ¢ odd we set
A8 if A®) = \(@-1)
cont(T, 1) := A A , .
z—c(d), if XO = E-I\{O}
We refer to such a value as the contents of path T at i. For any 6 € C we let conts(T, 1)
denote the element of C obtained by replacing z with § in the corresponding definition.

For the semisimple partition algebras, these values above provide statistics to the
paths in A which generalises the contents of paths in S given in Definition 2.19.

Theorem 2.45 (Theorem 3.37 (b) of [HR05]). Let r € Z>g and 0 ¢ {0,1,...,2[5|—2}.

Let v be a GZ-basis element of the simple A, (§)-module A®™) for some (A, 7) € A and
T € Path(A,r). Then for any ¢ € [2k] we have that

Livt = conts(T,i)vr
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Description of Blocks

In this section we will present a combinatorial condition describing the blocks of Ag(0)
for arbitrary § € C. This condition was first given by P. Martin in [Martin96] for the
case § # 0, and later extended by D. Wales and W. Doran in [DWO00] to include the case
0 = 0. We begin by briefly recalling some definitions and notation.

Let A be any finite dimensional C-algebra, and let A be an indexing set for the
isomorphism classes of simple A-modules. The algebra A has a unique decomposition
as a direct sum of indecomposable ideals

A:Ael@AeQEB"'@AGn,

where 1 = e; +e2 + - -+ + e, is a decomposition of unity as a sum of primitive central
idempotents e; € A. The direct summands in the above decomposition are called the
blocks of A. We say that an A-module M belongs to the block Ae; if e,M = M and
ejM = 0 for all j # i. Any simple module of A belongs to a particular block. Also
one can show that M belongs to a given block if and only if all its composition factors
do also. For any A\, u € A we write A ~ pu whenever the corresponding simples modules
belong to the same block. This equips A with an equivalence relation. We let B4(\) be
the equivalence class of A in A with respect to this equivalence relation and refer to it
as a block of A. Whenever A is semisimple, then Ba(\) = {A} for all A € A.

As described in the previous subsection, whenever 6 ¢ {0,1,...,2k—2}, the C-algebra
Agj(9) is semisimple and the set A<y x {2k} indexes the isomorphism classes of simple
modules. For this section we drop the second coordinate and just work with the set
A<j. It was shown in [Martin96] that the set A< also indexes the set of simple Agy(0)-
modules whenever 6 # 0. When 6 = 0, the indexing set is A<;\{0} (see for example
[DWO00, Corollary 2.3]). With this in mind we set

A A<y, 0 #0,
<k =

For any \ € A(<61)€ the block B a,, 5)(A) C A(<6,)C consists of all partitions which belong to
a chain of partitions satisfying a combinatorial criteria involving the parameter §. To
describe this first recall for any partitions u C A we have a skew diagram \\p consisting
of all boxes in A which do not belong to p. Then we call a skew diagram a horizontal
strip if all its boxes belong to the same row.

Definition 2.46. Given u, A € A(j,)f such that g C A, we call the pair (u, A) a d-pair if
A\p is a horizontal strip where the last (right-most) box has content § — |-

Example 2.47. Let 6 = 1 and k > 3, then consider = (2),A = (2,1) € A(<1,1 Inscribing
the contents within the boxes we have a

C_O1 L and  A\p =|[-1].

Since —1 = 0 — |u| = 1 — 2 the pair (@,H) is a 1-pair.
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Let » € N and suppose we have a chain of partitions

N e G ()

belonging to A(<612; such that each consecutive pair (70~1), 7)) is a §-pair. Then we call
such a chain a d-chain, and we say it is maximal if no other partition can be adjoined to
form a longer d-chain. Now given A € A(<51)w let R; denote the maximal horizontal strip
which can be removed from the i-th row of A and still form a partition. Let ¢(R;) denote
the set of contents of the boxes in R;, then one can note that c¢(R;) N ¢(R;) is empty
whenever ¢ # j. As such if there exists a partition p such that (u, A) is a J-pair, then p
is the unique partition to do so. From this one can deduce that the maximal §-chains
give a set partition of A(j,)c, and so any A belongs to a unique maximal §-chain. We let
Cok,s(A) denote the set of partitions belonging to the same maximal J-chain as A.

Example 2.48. For k = 4 and § = 2, there are two non-trivial maximal 2-chains with

partitions belonging to Afi given by

vepnrze 2L e §E

The other maximal 2-chains are of length one. These chains partition the set Agﬁ into
distinct subsets Cs 2()\), where for example Cg2(0)) = {0, o, B}
For the following result see [Martin96, Proposition 9] and [DW00, Theorem 1.1].
Proposition 2.49. Let \ € A(S(S])C’ then By, (5)(A) = Cax ().
U

In Chapter 3 we will provide an alternative spectral description of the blocks of A(<512;-

We will associate to each partition a certain generating function which will encode the
action of a central subalgebra of the partition algebra. Then the block structure appears
by proving that two partitions belong to the same maximal §-chain if and only if they
have the same associated generating functions.

Cellularity

Cellular algebras were first introduced by Graham and Lehrer in [GL96]. Roughly speak-
ing, given a commutative ring R, an R-algebra A is cellular if it come with a distinguished
basis called a cellular basis which is particularly well adapted to studying its represen-
tation theory. The cellular basis induces a basis for what are called cell modules. These
modules come equiped with a bilinear form, and when R is a field, quotienting the cell
modules by the radical of the form gives zero or a simple module. All simple A-modules
appear in this manner. It was first shown that the partition algebra As(d) is a cellular
algebra in [Xi99], where an explicit construction of a cellular basis was given. Later
an alternative cellular basis was constructed for the partition algebra A,(z) in [EG17,
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Theorem 6.30], and was called a Murphy type cellular basis. For our purposes, we do
not require a detailed description of cellular algebras or of the cellular structure of the
partition algebra, we simply want to recall some results given in [Eny13] regarding the
action of the Jucys-Murphy elements on the cell modules.

To begin, for any (\,2k) € A<j x {2k} there exists a cell module Aé?;’%) for the
partition algebra A (z) (see [Eny13, Definition 3.6]). This module has a basis {mt | T €
Path(\,2k)} indexed by the paths in Path(\, 2k). There is a natural partial order < one
can impose on the set of paths Path(\, 2k) defined in [Eny13, Definition 3.8], and such an
ordering allows one to describe the action of Jucys-Murphy elements on the cell modules
as upper triangular.

Proposition 2.50 (Proposition 3.15 of [Enyl13]). Let k € Z>o, (A, 2k) € A<k x {2k},

T € Path(\, 2k), and mT be the corresponding basis element of the cell module A%’Qk)

of Asi(z). Then for any i € [2k],
Lymt = cont(T,i)mTt + Z us(T,i)ms
T<S

where ug(T,7) € C[z], and cont(T, %) is the content of T at ¢ defined in Definition 2.44.

O

Remark 2.51. We are considering the cell modules as left modules instead of right as
was presented in [Eny13].

The cellular structure of a cellular algebra is preserved under the extension of scalars
of the ground ring. As such the C-algebra Ag,(0) = C ®ev,; A2k (2) is also cellular for
any ¢ € C, and in particular the Ay (0)-modules given by

(\2k) (\2k)
Ags” = C Qevs Aoy

provide a complete collection of cell modules for Ay (5). Now working over a field the
theory of cellular algebras tells us that each of the simple As(d)-modules appears as

the head of some cell module. For any T € Path()\,2k), we abuse notation a little and

write mT to denote the basis element 1 ® mT of the cell module Aé}\c’%k) = C®evy Aéz’%).

Then from the above proposition we immediately obtain the follovvzing results.
Corollary 2.52. Let k € Z>0, (A, 2k) € A<y, x {2k}, T € Path(),2k), and mT be the
corresponding basis element of the cell module Aé’,\c’ik) of Agi(8). Then for any i € [2k],
Limyt = conts(T,i)mT + Z vs(T,i)ms
T<S

where vs(T,7) € C, and conts(T,?) is the content of T at ¢ defined in Definition 2.44.

O
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2.2.4 Schur-Weyl Duality

The partition algebra Agg(n) and the group algebra of the symmetric group CS,, are
in Schur-Weyl duality with respect to their actions on a given tensor space. In this
section we summarise features of such a duality which we extend in Chapter 4 and
Chapter 5. We begin by recalling the orbit basis of the partition algebra, and then
describe types of colourings of partition diagrams, both of which help in defining this
duality and extending it later. Lastly we present the duality itself and describe how the
Jucys-Murphy elements and Enyang’s generators act. Most results in this section can
be found in [BH18] and [HRO5].

Orbit Basis

We can define a partial order on the set II,. as follows: Given any «, 8 € I1, we let a < 8
whenever each block of a is contained within a block of 5. We then say that a is a
refinement of 5, and that 3 is a coarsening of a.

Definition 2.53. The orbit basis {O(«) | o € II.} of the partition algebra A,(z) is
defined according to the equation

D(e) =) _0(B), (2.12)

a=p
and we let Os(a) :== 1 ® O(a) in Ay (0) for any d € C.

It is clear that the set {O(«) | o € II,.} is indeed a basis since the transition matrix
determined by Fquation (2.12) is unitriangular, and hence invertible, with respect to
any extension of the partial order < to a total order. One can essentially “invert” the
summation of Equation (2.12) to express an orbit basis element as a sum of diagrammatic
basis elements. This comes about from the Mébius inversion formula (see for example
[S97, Proposition 3.7.1]) which gives

O(a) = u(B,0)D(p) (2.13)

a=p

where p : I, x I, — Z is called the Md&bius function of II.. The function p may be
calculated as follows: Let av = {Ay1,..., A} and B = {By, ..., Bjg} and suppose a < j3.
Then for each block of 5 we have that B; = A4;, U---U Aini for some n; € Z>¢ with
n1+ -+ +mng = |a|. Then from [S97, Example 3.10.4],

8]
w(B,0) = [T(=1)" " (ns = L.

i=1
We will also represent orbit basis elements diagrammatically as partition diagrams as
we did for the diagrammatic basis of the partition algebras. However, to distinguish the
orbit and diagrammatic basis, we will adopt the conventions of [BH18] and draw the
vertices of the partition diagram representing an orbit basis as clear nodes as opposed
to the solid black nodes used up until now.
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Example 2.54. Let o = {{1,2'},{2},{1’}} € T4, then in A4(z) we have

D(a) = \ O(a) = \

From Equation (2.13) we have

AN N U BN S

Definition 2.55. Let k£ € N. For any subset B C [k], let B’ denote the corresponding
subset of [k'] obtained by taking the primed elements of B. Similarly, for any set partition
S ={B1,...,Big |} of [k]let S" = {By, ... ,B"S‘} denote the corresponding set partition of
[k']. We define I(.S) to be the set partition of [k]U[K] given by {B1UBY, ..., Bg UB|’S|}.

It is worth mentioning that for the partition diagram 1 = {{4,4'} | i € [k]} € Ily, the
element D(1) is the identity of Ag(z), but O(1) is not. The identity D(1) is equal to
the sum of orbit basis elements O(I(S)) where S runs over all set partitions of [k].

Colourings of Partition Diagrams

Let n,k € Z>o. We view any tuple a = (a1,...,a;) € [n]¥ as a function [k] — [n]
by setting a(i) = a; for any ¢ € [k]. Similarly, given tuples a = (ai,...,ax),b =
(b1,...,bx) € [n]*, we view the pair (a,b) as a function [k] U [k'] — [n] by setting

(a,b)(i) := a; and (a,b)(i') := b; for any i € [k].

Definition 2.56. Let o € Iy, and a, b € [n]*. We let ap denote the coloured partition
diagram where vertex ¢ € [k] U [k/] in « has been assigned the colour (a,b)(i). We say
for any 4,j € [k] U [K] that

(1) (a,b) is a good colouring of « if i ~, j implies (a,b)(i) = (a,b)(j). We write
(a,b) — a and let GCp,(a) = {(a,b) € [n]¥ x [n)* | (a,b) = a}.

(2) (a,b) is a perfect colouring of a if i ~ j if and only if (a,b)(i) = (a, b)(j). We
write (a,b) = a and let PC,,(a) = {(a,b) € [n)*¥ x [n]* | (a,b) = a}.

Note that all perfect colourings are good colourings.

Example 2.57. Let k = 3 and o = {{1,2/,3'},{2,1'},{3}} € IIs. Consider the tuples
a=(2,1,4),b=(2,1,2), and ¢ = (1,2,2). Then (a,c) is a perfect colouring of o while
(b, €) is only a good colouring. The corresponding coloured partition diagrams are

2 1 4 2 1 2

L] o

Odg - ></\- and ></\-
1 2 2 1 2 2

For any n > 0 we have the sets

GCp(a) = {((z.y.2), (. x,2)) | (z,y,2) € 0]},
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PCal(e) = {((z,9,2), (y,2,2)) | (z,9,2) €[]},

where [n]' is the subset of [n]? consisting of all tuples with pairwise distinct entries. In
particular, whenever n < 2 we have that [n]'* = (), and thus PC,(a) = (.

Put another way, a good colouring of a partition diagram is the same information
as assigning a colour to each block, with perfect colourings meaning blocks have been
assigned distinct colours. As such if n < |« then PC,,(«) = (). For any «, 8 € Tly, it is
clear from the definition that PC,(a) N PC,(8) = () whenever a # 5. Moreover one can
deduce that we have the disjoint unions

Fxnf= || PCula), and GCu(a)= | | PCa(B) (2.14)
a€lla, azp

The former disjoint union tells us that for any tuple (a,b) € [n]* x [n]* there exists a

unique set partition « € Ilgy such that (a,b) — a. Now the symmetric group &,, acts

on [n]¥ coordinate-wise, and we denote this action by ma for any 7 € &,, and a € [n].

This action extends to [n]* x [n]* component-wise. For (a,b) € [n]* x [n]* we denote

the orbit by Orbitg, (a,b) = {(wa,nb) | 7 € &,}. It is simple to deduce that

Orbitg, (a,b) = PCy ()

where « is the unique set partition of Il which is perfectly coloured by (a,b). In
particular, both of the disjoint unions of Fquation (2.14) are decompositions of &,-
action sets into &,,-orbits.

Schur-Weyl Duality

Let V' = Spanc{vi,...,v,} be the n-dimensional permutation module for the group
algebra C&,, of the symmetric group. Thus mv; = v, ;) for any 7 € &,, and i € [n]. For
any k € Z>o we let Ve .= V ®..-®V with k tensor components. Then the tensor
space V& may be regarded as a CS,-module by extending the action of V diagonally.
For any a = (ay,...,a;) € [n]*¥ we set vg = V4 ® -+ @ vy, . Then we have that

VE* = Spang{vg | a € [n]*},

and the diagonal action is given by wvg = Ve for all # € &,, and a € [n]k For
any a,b € [n]* we let Ej € Endc(V®) be the endomorphism defined on the basis by
Ef(ve) = 0p,cVa Where dp ¢ is the Kronecker delta. We let Endg,, (V®*) denote the space
of endomorphisms which commute with the diagonal action of CS,,. For the following
result see for example [HRO05, Theorem 3.6].

Theorem 2.58. For any n,k € Z>, there exists a surjective homomorphism of C-
algebras
Wopn + Ao(n) — Endg, (V)

with the following properties:
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(1) The map Wy, acts on the diagrammatic basis by the C-linear extension of

\I/2k:,n(Dn(a)) = Z Eg

(a,b)EGCy ()

(2) The map Wy, acts on the orbit basis by the C-linear extension of

Wokn(On(a)) = Z Ep

(a,b)ePCy(a)

(3) The image and kernel of Wy ,, are given by

Im(Wa ) = Endgn(V®k) = Spanc{O,(a) | a € gy, |a| < n},
Ker(War ) = Spanc{On(a) | o € Ty, | > n}.

Whenever n > 2k then Ker(Wyy ,) = 0, and thus gy, is an isomorphism witness-
ing Asi(n) = Endg,, (V®k).

O

In Chapter 4 and Chapter 5 we extend the map Wy ,, to affine versions of the partition
algebra, in other words construct an action which satisfies affinization property 4 from
Section 1.4. In Chapter 5 we will be able to directly generalise items (2) and (3) of
Theorem 2.58. However it proves difficult to generalises (1) in an analogous manner since
we lack an affine counterpart for the diagrammatic basis. In Chapter 4 the extension
will generalise the action of Wy , on the generating set given in Theorem 2.38 and the
Jucys-Murphy elements, as described below.

Due to the fact that Wy, is an isomorphism whenever 2k > n, this action can by
used to verify relations in the partition algebra Aok (2) as follows:

Lemma 2.59. Let Ry, Ry € Agi(z). Then Ry = Ry if and only if for all n > 0,

(\IIQk,n © prn)(Rl) = (‘IJQk,n © prn)(RZ)

Proof. The forward implication is immediate. Assuming the latter equations we have

R — Ry € ﬂ Ker(Wof 0 pr,,) C ﬂ (z—n) =0,
n>0 n>2k

showing that Ry = Ry, where we used the facts that for all n > 2k we have Ker(¥sy, ,) = 0
and Ker(pr,,) = (z — n), the two-sided ideal of Ay (2) generated by z —n € Clz].
O

We close this subsection by recalling how both Enyang’s generators and the Jucys-
Murphy elements act under Wy ,. Recall for any distinct a,b € [n] that (a,b) € &,
denotes the transposition exchanging a and b. We take the convention that (a,b) =1
whenever a = b. The following can be found in [Eny12, Section 5].
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Proposition 2.60. Let n,k € Z>q. For any a = (a1, ...,a;) € [n)¥ and i € [k — 1],

\I’2k,n(‘72i)(”a) = (04, 0i41)(Vay ® - ®Vg;_;) QVg; @ -+ ® Vay,
Vokn(02i41)(Va) = (G4, Giy1)(Vay ® -+ @ Vayy ) @ Vgyyy @ -+ @ Vg,

O
Proposition 2.61. Let n,k € Z>q. For any a = (a1, ...,a;) € [n)¥ and i € [k — 1],
n
qj?k,n(L%—l)(UG) = NVUqg — Z(aia b)(vm - ® Uai_l) X Va; @+ Q Vgy
b=1
n
qj?k,n(Lﬂ)(UG) = Z(aiv b)(val @ vai) X Va; 11 @ Q Vg
b=1
([

2.2.5 Constructing Ay;(z2) via the Orbit Basis

The definition of the partition algebra presented in Section 2.2.1 is the typical con-
struction given in the literature. For this section we provide a construction from the
perspective of the orbit basis and the algebra Im(V¥sy,,) = Endg, (V®¥). We recover
items (2) and (3) of Theorem 2.58 and describe how the orbit basis elements multiply,
all of which can be found in [BH18]. We have included these results and proofs of such
results since, although they will not be directly applied in later chapters, the overall pro-
cess in constructing the partition algebra in this manner will be generalised in Chapter 5
and the details of the proofs here will resemble later results.
Firstly for k € Z>0 and any o € Iy, let

Op(a) := Z E¢ € Endc(V®*) = Spanc{EZ | (a,b) € [n]* x [n]*}.
(a,b)ePCy ()

It is easy to check that as operators on V& we have nEgr~! = E™2, and as such (since
PC,(a) is &,-invariant) we have 7O, (a)7~! = O,(a). This tells us that the operators
On(a) belong to Endg, (V®*). Moreover these operators provide a spanning set for
Endg,, (V®*) which can be shown as follows: Let

E = Z C(a,b) Eg

(a,b)e[n)Fx[n]*

be an arbitrary element of Endc(V®), where ¢4 p) € C. Then E belongs to Endg,, (V)
if and only if TEr~! = E or all 7 € &,,. This implies that Cla,b) = C(raqxp) forall m € &y,
As such for each o € Ilp; we can set co = ¢(qp) for any perfect colouring (a,b) — «,

and thus F is the sum of terms ¢,O,(a) as « runs over II5;. Therefore E belongs to
Endg,, (V&) if and only if E belongs to Spanc{O,(a) | a € Hax}. Also from definition
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we have that O, (a) = 0 whenever |a| > n, and that the set {O,(a) | o € T, |a] < n}
is linearly independent, and hence gives a basis for Endg,, (V®%).

We now wish to “lift” the C-algebra Endg, (V®*) to an algebra over C|z], which will
coincide with the partition algebra Agi(z). To do so we need to understand how the
composition of a pair of elements O,,(«) and O, () decomposes as a linear combination
of elements of the same kind. We first set up some notation.

Definition 2.62. Given any «, 8 € lls;, we define the following:
(1) Top(e) :={T | T € o, T C [K]},
(2) Bot(a) :={B | B€ «a, BC[K]},
(3) Mid(axp):={M | M €axp, MC[k"]}.

We refer to elements in Top(«) and Bot(«) as the top and bottom blocks of « respectively,
and we refer to Mid(a x 3) as the middle blocks of « % f3.

Recalling Definition 2.31 we have that m(a, 8) = [Mid(a x 5)|. Also one can see that
Top(a) € Top(a o 8) and Bot(3) C Bot(a o 3), but in general these inclusions are strict.

Definition 2.63. Let T and B be two finite sets. A partial bijection from T" to B is a
triple (0, X,Y) where X CT,Y C B, |[X|=|Y]|,and § : X — Y is a bijection. We will
often supress the domain and codomain and just write 6.

Definition 2.64. Let o, € Ilo;. We say that v € Il is a top-bottom coarsening of
the pair (o, 3) if there exists a partial bijection 6 from Top(«) to Bot(3) such that ~ is
obtained from « o § by merging the blocks 7" and 6(T') for each T in the domain of 6.
We let TBC(«, 3) denote the set of top-bottom coarsenings of («, ).

Example 2.65. Consider «, § € II1g given diagrammatically by

il ol oy

We have that Top(a) = {{1,2},{3,5}} and Bot(8) = {{3',4’,5'}}. There are three
partial bijections from Top(a) to Bot(8): the empty partial bijection 61 : § — 0, 65 :
{1,2} — {3/,4',5'}, and 05 : {3,5} — {3',4’,5'}. We have that

—"° .\:/.
aef= « 6 e

Therefore the set TBC(a, ) is given by

~—* ~_°* " ~_* o __ o .
{fh:o e o 72:.\&/\‘/\" B=, I/\\i}

Each ~; is associated with the partial bijection 6; respectively, and we have added edges
in red to highlight the blocks which were merged. For example ~5 has been obtained
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from o 8 by merging blocks {1,2} and 65({1,2}) = {3',4/,5'}. Note that the top block
{4} of avo 8 never gets merged to a bottom block for any v € TBC(«, ) since, although
it is a top block of a o 3, it does not belong to Top(«), in other words it was a top
block formed in the process of taking the product of o and 8 and not a top block of «
originally. Similarly, the bottom blocks {1’} and {2} of oo 8 are not merged with any
top blocks since they do not belong to Bot(f3).

Definition 2.66. For any «, 5 € Ily;, we will say that the pair («, 8) matches in the
middle whenever ¢ ~g j <= i’ ~ j' for all 4,5 € [k].

When (a, 8) matches in the middle, it means that the set partition of [k] induced
from the bottom row of « is the prime counterpart to the set partition of [k] induced
from the top row of §. For example, given o and § as in Example 2.65, the pair («, f3)
matches in the middle while (3, a) does not.

The following result was given in [BH18, Lemma 4.2].

Proposition 2.67. For any k € Z>( and partition diagrams «, 3,7 € Iy, there exists
a polynomial p,, 5(2) € Z[2] such that

n(a)bn(ﬁ) = Z pl,g (n)én(FY)

YETBC(e,8)

QS

Proof. Firstly note that EQEZ = 8 4E2 for any a, b, ¢,d € [n]* x [n]*. Then by definition

On(@)0n(B) = >, E > OES,

(a,b)ePCy(a) (d,c)ePCr(B)

= > > OpaEl.

(a,b)ePCy(a) (d,c)ePCyh(B)

For this sum to be non-zero we require that there exists a tuple b = d € [n]* which
perfectly colours both the bottom row of a and the top row of 8. This occurs if and
only if the pair («, 5) matches in the middle. Hence we set pzyﬂ(z) = 0 whenever (o, 3)
does not match in the middle, and thus the lemma holds for all such pairs. Assume now
that («, 8) does match in the middle, then from above we obtain

On()On(B) = Z Z Ee.
(a,b)ePCy(a) (b,e)ePCr(B)
Let Cy,(a, ) be the set consisting of the pairs of tuples (a,c) € [n]* x [n]* such that
there exists a tuple b € [n]* where (a,b) € PC,(a) and (b,c) € PC,(B). Also, for any

(a,c) € Cp(a, B), we let i) (v, B) denote the set of b € [n]* such that (a,b) € PC,(a)
and (b, c) € PC,(5). Thus we may rewrite the double summation above as

On(@)0n(B) = > > E

(a,0)€Cn(.8) pec(@®) (a,8)

= Y I B)EL.

(a,e)€Cn(a,B)
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Note that any pair (a,c) € C,(«,3) gives a good colouring of oo 3. Also from the
definition of the set C,(«, ), if (a,c) is not a perfect colouring of a o 3, then the
blocks of (oo 3)% which share a colour must appear in pairs between the sets of blocks
Top(a) C Top(ao 3) and Bot(3) C Bot(a,o3). Hence (a,c) belongs to C,(«, 8) if and
only if there exists v € TBC(«, ) such that (a,c) € PCy,(vy). Moreover, it is simple to
check that C,(a, ) is &,-invariant, hence we must have the disjoint union

Cula,8)= || PGu(w).

YETBC(e,8)

As for the set C%a’c)(oz, B), its size equals the number of tuples b which perfectly colour
the middle row of « x 8 given that (a,b) — « and (b,¢) — [. Hence it equals the
number of ways to assign colours to the middle blocks Mid(a* ) which are distinct from
the colours appearing in the tuples a and ¢. The number of colours appearing within
the tuples a and ¢ equals the number of blocks in 7, where ~ is the unique element of
TBC(a, ) such that (a,c) < 7. Thus

Ch e, B) = (n = [y (n =[] = 1) (n = 7| = m(a, ),

which is polynomial in n and depends only on «, 3, and 7, but not on the particular
perfect colouring (a, ¢). Thus setting p’ 5(2) == (== 1=-1) - (z=]y]-m(a, B))
whenever v € TBC(«, 8) and 0 otherwise, we have

On(@)On(f) = Y IC9(a,B)IEL,

(a,)€Cn(a,B)

= Z Z pl,ﬁ(n)Eg

Y€TBC(a,8) (a,c)€PCn(7)

= Z le,g (n) Z Ec

yeTBC(av,3) (a,e)ePCr(v)
= Y. plsn)On(y).
~yeTBC(a,B)

d

Whenever n > 2k, the elements {O,(a)|a € Iy} form a basis of Endg, (V®), and
thus the values pl, B(n) are precisely the structure constants. The fact that they are
polynomial in n as described in the above lemma, allows us to define a C[z]-algebra
which possesses a projection down to Endg, (V).

Definition 2.68. Let Qi (z) denote the free C[z]-module with basis {O(«)|a € g}
equiped with the product given by the C[z]-linear extension of

O(@OB) = > pls(x)0)

YE€TBC(e,3)

for any «, 8,7 € Ils; and where pzﬂ(z) are the polynomials given in Proposition 2.67.
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The construction of Qg (z) from the algebras Endg,, (V®*) should be compared to how
the Farahat-Higman algebra Z was constructed from the centers Z,, = Z(C&,,), as was
described in Section 2.1.3.

As we will show shortly, the algebra Qo (z) is exactly the partition algebra Agg(2),
and the basis elements O(«) are precisely the orbit basis elements, which is why we have
used the same symbols to denote them. This abuse of notation should hopefully cause no
confusion. However we have used different notation to denote the algebras themselves to
stress the distinct manners in which they were constructed. This will also help compare
the two affine counterparts to the partition algebras which we construct in Chapter 4
and Chapter 5.

The object Qox(z) is indeed an algebra, although this is something that needs to be
proved as it is not immediate that the product is associative or that a multiplicative
identity exists. Recall that a distributive ring is a ring where we do not require a
multiplicative identity or for the product to be associative. By definition Qg (2) is
certainly a distributive ring. Also by Proposition 2.67, for any k,n € Z>¢ there exists a
surjective homomorphism of distributive rings

Yok © Qor(2) — Endg, (VEF)

given by the extension of o, (O(a)) = Oy (a) and o, ,,(2) = n. Moreover, whenever
n > 2k we have Ker (g ) = (2 —n). Thus employing the same arguments as in Lemma
2.59 gives the following result.

Lemma 2.69. Let Ry, R2 € Qoi(z). Then R; = Ry if and only if for all n > 0

VYokn(R1) = Yo n(R2).

This allows us to deduce that Qg (z) is indeed a C[z]-algebra.

Proposition 2.70. The C[z]-module Qg (2) is a unital associative algebra over C|z]
with the product described in Definition 2.68.

Proof. Let 1 = {{i,7'} | i € [k]} € I, then it follows from Lemma 2.69 that

> 0U(9))

SF[K]

is the identity of Qax(2) since its image under oy, ,, is the identity of Endg, (V®¥) for all
n € Zxg. Similarly for any A, B,C € Qg (2) let [A, B,C] := (AB)C — A(BC). Then for
all n € Z>o we have that ¥y, ([A, B, C]) = 0 since Endg, (V**) is an associative algebra.
Thus by Lemma 2.69 we have [A, B, C] = 0 showing that Qg (2) is also associative.

O

We end this section by proving that Qg (2) and Agk(2) isomorphic.

Proposition 2.71. We have an isomorphism of C[z]-algebras Qo (2) = Ak (2).

54



Proof. By item (2) of Theorem 2.58 we have that (Vg ,opr,)(O(a)) = O, (a). Hence by
Lemma 2.59 and Proposition 2.67 we see that the orbit basis elements of Asy(z) satisfy
the equations
0(@)0B) = > pls()0()
YETBC(a,8)
where p? ﬁ(z) are the polynomials given in Proposition 2.67. Thus we have a C|z]-algebra
homomorphism Ag(z) — Qar(z) defined by O(«) — O(a) which sends basis to basis,

and hence is clearly both injective and surjective.
O
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3 Center of the Partition Algebra

This chapter is broken into three sections. The first section recalls the definition of
supersymmetric polynomials and describes some generating sets for the algebra of su-
persymmetric polynomials. The second section proves that the center of the semisimple
partition algebras is given by the supersymmetric polynomials in normalised Jucys-
Murphy elements. The last section uses this description of the center to prove an alter-
ative criteria for the blocks of the partition algebra using certain generating functions
which appear in the theory of supersymmetric polynomials.

3.1 Supersymmetric Polynomials

This section is a brief recap on supersymmetric polynomials and a result of J. Stem-
bridge in [Stem85] regarding natural generating sets for the algebra of supersymmetric
polynomials. We remodel the definitions a little to better align with our situation.

Let k € Z>p and consider the polynomial algebra Clz1,...,z9] in 2k commuting
variables. The symmetric group &; acts on this algebra by permuting variables of the
same parity, that is mox9; 1 1= Tor(j)—1 and 7o xg; := Tor(;) for any m € &y and i € [k].

Definition 3.1. Let p € Clzy, ..., x9], then we say that p is supersymmetric if

(1) pis parity symmetric: wop = p for all m € &.

(2) p satisfies the cancellation property: substituting z1 = —z9 = y yields a polynomial
in x3,x4,...,2, which is independent of y.
We denote by SSym[x1, ..., x9x] the set of all supersymmetric polynomials in Cxy, ..., xog].

It is simple to check that the two defining properties above are respected under ad-
dition and multiplication of polynomials, and thus SSym[x1, ..., x9] is a subalgebra of
Clx1, ..., zor]. We will be interested in two types of supersymmetric polynomials, both
of which generate all supersymmetric polynomials.

Definition 3.2. For any n,k € Z>, the n-th power sum supersymmetric polynomial
in Clxy, ...,z is given by

Gn(@1, .. o) == ol +af 4+ a4+ (1) (af + 2l + -+ 2.

These polynomails are the supersymmetric counterparts to the usual power sum sym-
metric polynomials. It is clear that permuting the odd indexed (respectively even in-
dexed) variables around leaves g, (x1,...,xo;) invariant, hence they are parity symmet-
ric. Also, the sign (—1)"*! which appears means that the cancellation property is upheld,
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thus these polynomials are indeed supersymmetric. When the number of variables in
play is clear, we will drop the variable arguments and write ¢, instead of ¢, (z1, ..., zaok).

Definition 3.3. For t a formal variable, and n, k € Z>¢, the n-th elementary supersym-
metric polynomial is defined to be the coefficient of t" in the generating function

Hle(l + z2;—1t)
Hle(l — l‘git)

These polynomials are the supersymmetric counterparts to the regular elementary
symmetric polynomials, and it is clear from the generating function defining them that
they are indeed supersymmetric. As above, when the number of variables in play is
clear, we will drop the variable arguments and write [,, instead of l,,(x1, . .., zok).

The core result we will need is by J. Stembridge, and is the fact that the algebra
of supersymmetric polynomials is generated by either the power sum supersymmetric
polynomials or the elementary supersymmetric polynomials.

oo
Z ln($1, - ,azgk)t" =
n=0

Theorem 3.4 (Theorem 2; Corollary of [Stem85]). As algebras we have that

SSym[z1, ..., xak] = (qn | N € Z>0) = (I | n € Z>0).

3.2 Center of the Semisimple Partition Algebra

In this section we will prove that the center of the partition algebra Ag(d), whenever
5 ¢{0,1,...,2k — 2} (i.e. whenever Agy(0) is semisimple by Theorem 2.40), is given by
the subalgebra of supersymmetric polynomials in (normalised) Jucys-Murphy elements.
This result easily extends to one for Ay (2). We approach this result in a similar manner
to what was done in [JK17], where they gave a description of the center of the walled
Brauer algebras.

Recall the Jucys-Murphy elements Ly, ..., Ly of the partition algebra Ay (z) given
in Definition 2.34. To help with future computations and results, for this chapter we
will work with the normalisation of the Jucys-Murphy elements given by

2

for each i € [2k]. These normalisations were considered in [Eny13, Section 6] in demon-
strating central element recursions analogous to ones established in [N96] for the Brauer
algebras. Given any § € C, we let IV; also denote the corresponding elements 1 ® Nj; in
the finite dimensional partition algebra Aoy (0), which are simply given by Equation (3.1)
with z replaced by d.

We will let SSym[Ny, ..., Nog] denote the C[z]-subalgebra of A, (z) generated by the
supersymmetric polynomials evaluated at the normalised Jucys-Murphy elements. Then
by Theorem 5.4 we have that

SSym[Nl, ... ,Ngk] = <qn(N1, .. .,Ngk) | n e ZZO> = <ln(N1, ... ,Ngk) | n e Z20>.
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Similarly let SSymgs[N1, . .., Nog] denote the corresponding image in Agy(6) for any 6 € C.
We seek to show that SSym[Ny, ..., Nog| gives the center Z(Asx(2)) of Aok (z) and that
SSymg[Ni, ..., Nai] gives the center Z(Ag,(d)) of Agk(d) for any § & {0,1,...,2k — 2}.

We delay the proof of the following result to Chapter 4, were a more general result
will be proven regarding the affine partition algebra defined in the same chapter. Alter-
natively one can find a proof in [Cre21, Theorem 3.2.6].

Theorem 3.5. The supersymmetric polynomials in the normalised Jucys-Murphy ele-
ments are central in As(z), that is to say SSym[Ny, ..., Nox] C Z(Agk(2)).

]

Of course this theorem implies that SSymgs[Ny, ..., Nog] € Agk(d) for any 6 € C.
Assume for this section that § € {0, 1,...,2k—2}, hence Asi(0) is semisimple by Theorem
2.40. It is well known, say from the Weddernburn-Artin theorem, that the dimension of
the center of a semisimple algebra equals the number of isomorphism classes of simple
modules. Recall from Theorem 2.43 that A<j x {2k} is an indexing set for the simple
Ao (d)-modules. Thus we have that

dime(Z(A2k(9))) = [A<k x {2k}. (3-2)

Our plan to show that SSymgs[N,..., Noi| is the center of A (d) is to confirm that
its dimension equals |[A<y x {2k}| = |A<x|. To do this we will utilize the action of
the Jucys-Murphy elements on the simple modules to implicitly show the existence of
the right number of linearly independent supersymmetric polynomials in the normalised
Jucys-Murphy elements.

Recall the notation of Section 2.2.3. Let (X, 2k) € A< x {2k} and T € Path(\, 2k),
and recall in particular the contents conts(T, ) defined in Definition 2.4/ for any i € [2k].
By Theorem 2.45 and Equation (3.1) we have the following:

Lemma 3.6. Let k € Z>o, (A, 2k) € A<y x {2k}, and {vr | T € Path(\,2k)} be a
GZ-basis of the simple Ay (6)-module AAM2%), Then for any i € [2k] we have that

N;vot = (contg(T,i) — g) vT.

O

Let (A, 2k) € A< x {2k}, T € Path(\,2k), and p € Clxy,...,x9,]. From the above
lemma, the action of p(NNi, ..., Nai) on the GZ-basis element vt is given as scaling by

D (cont(;(T, 1) — g, ..., conts(T,2k) — g) ,

the evaluation of p at x; = conts(T,i) — /2. Since the supersymmetric polynomials in
the normalised Jucys-Murphy elements are central by Theorem 3.5, we show below that
such an evaluation of supersymmetric polynomials is independent of the path taken.

o8



Lemma 3.7. Let (\,2k) € A<; x {2k}. Then for any paths T,S € Path(), 2k) and any

supersymmetric polynomial p € SSym([zy, ..., x|, we have that
0 5 ) )
p | conts(T, 1) — 5,...,cont5(T,2k) —5)=p conts(S,1) — 5,...,(}011‘55(5,2/6) —35)-

Proof. Given the GZ-basis elements vt and vs, from Lemma 3.6 we have that
0 5
p(N1, ..., Nog)vr = p | conts(T, 1) — SUEE ,conts (T, 2k) — 3 ) v

p(N1, ..., Nog)vs =p <cont5(5, 1) — g, ..., conts(S, 2k) — (25) vs.

By Schur’s Lemma, any central element z of As(d) acts on ANZE) by scaling by a certain

constant. Since p(Ny, ..., Nok) is central by Theorem 3.5, it must act on vt and vs by
the same constant (since vt,vs € AM2K)) thus the result follows.
O]

This result means that we may chose any path to work with when evaluating the action
of p(N1, ..., Na) on AXM2R) for any supersymmetric polynomials p € SSym[zy, ..., o).
With this in mind, we are going to fix a particular path to work with in Path(\, 2k) for
each (), 2k) € A< x {2k}, also see [Enyl3, Lemma 3.9].

Definition 3.8. Let (\,2k) € A<; x {2k}. The standard path TO2R) = (AO) §))2E  of
Path(), 2k) is defined as follows:

(1) AZ) =X+ for all 0 <i <k — 1.
(i) A%) =@ forall 0 <i<k— |\
(iii) A2 = XD U {a} for all k — |\| < i < k — 1, where a is an addable box of A(?)
with minimal row index.

The path T™2%) is the one which never removes any boxes, only adds a box when it
must, and prioritises adding boxes in the highest row, i.e. lowest row index. Recall from
Section 2.2.3, in particular Corollary 2.52, that J. Enyang defined a partial order < on
the set of paths Path(\,2k) which is compatible with the action of the Jucys-Murphy
elements on the cell modules. It was proved in [Eny13, Lemma 3.9] that the standard
path TA2K) ig a maximal element with respect to this partial order.

Example 3.9. Consider the vertex (H,6) in A. There are only two paths within
Path(Bj, 6), both presented below in red sitting inside the truncation of A at level six.
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Hl6)

The standard path T( is given in bold:

0 0
1
1 0
i
.t
4 %\i\kﬁ
A
6 %\im\i\\n\ﬁ}@

Now given any (A, 2k) € A<y x {2k} we let

cti(A, 8) := conts(TM2F) j) — g (3.3)
Also, for any polynomial p € Clzq,...,x] we will let
p(A\,8) :=p(cti(N,0),...,ctar(N,0)). (3.4)

From Lemma 3.7 and Lemma 3.6, the action of p(INy,..., No;) on the simple Ay (9)-
module AM2%) is given by scaling by p(\,6) for any p € SSym[zy,...,x9] and for
any (A, 2k) € A< x {2k}. We may record this information in a generating function by
evaluating the elementary supersymmetric polynomials at z; = ct;(\, d) in the generating
function given in Definition 3.3. Thus for any (A, 2k) € A<y x {2k}, and formal variable
t, consider the generating function

T, (1 + ctaima(N, 6)1)
Hf:1(1 — ctoi(A, 0)t) '

Hence the coefficient of " in L(\, §) records the action of I,,(Ny, ..., Noi) on A2 We
seek to better understand the rational polynomial in ¢ given by the right hand side of
Equation (3.5). First we want to understand the multiset {ct;(),d) | ¢ € [2k]}, and to
do so we introduce some notation regarding integer partitions.

L(\,0) := i Ln(X, 6)t" = (3.5)
n=0

Definition 3.10. Let A = (A\q,...,\;) F n € N. We say that the height of A\, written
h(X), is the number of rows of A minus 1. Similarly we say the width of \, written w(\),
is the number of columns of A minus 1.
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Recall from Definition 2.14 that given a box O = (i, ) € A the content is ¢(0) = j —1,
the column index minus the row index. Also recall that ¢()) is the multiset of content of
the boxes of A. It can be seen that two boxes a,b € X belong to the same diagonal (top-
left to bottom-right) in the corresponding Young diagram if and only if their contents
agree, that is ¢(a) = ¢(b). Thus we can index the diagonals of A by the underlying set
of ¢(N). It is clear that given a box O € A, then —h(\) < ¢(0) < w(A). Moreover, for
any value ¢ such that —h(\) < ¢ < w(\), there exists a box O € X such that ¢(0J) = ¢.
Hence the set {—h()),...,w(A)} is precisely the underlying set of ¢(A). It is clear that
knowning \ is the same as knowing the set {—h()),...,w(\)} and the number of boxes
whose content equals ¢ for each ¢ € {—h(\),...,w(\)}. With this in mind we introduce
the following definition.

Definition 3.11. Let A = (A1,...,\;) b n € N. We define the diagonal datum of X to
be the pair (D(\), my) where D(X\) = {—h(\), —h(A)+1,...,w(\)} and my : D(A\) = N,
given by my(c) = {O € A | ¢(0) = ¢}|.

Example 3.12. Consider the partition A = (7,5,4,3) F 19. The corresponding Young
diagram (where each box a € A has its content inscribed within it) is given by

01
-110
-2|-1
-3|-2l-

3/4]5]6]
2[3
1

O

—_

The height and width of A are given by h(A) = 3 and w(\) = 6. We have that
D()\) = {_37 _27 _17 Oa 17 27 37 47 51 6}7
and for example my(—1) = 3.

The diagonal datum (D(\),m)) of an integer partition A will lend itself better for
future computations.

Proposition 3.13. Let (), 2k) € A< x {2k}, then as multisets

k|
{ctoit1(X,0) [0<i<k -1} = {<_g> ;

k—|\|
feta(n0) | 1< Sk}:{(ﬁ) Far

{6 ()

where the superscript denotes multiplicity in the multisets.

| &,

0<z<|/\|—1}

De/\}
’LED)\)}

/\
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Proof. Let TO2R) = (\#)2k be the standard path of (\,2k). We begin with the set
{c2i+1(N,0) | 0 < i < k —1}. By definition of TA2k) we have that Ag; = Agjpy for all
0 <i <k —1. Hence from Definition 2.4/ we have that

Ct2¢+1()\,5) = |)\(2i+1)‘ — g

From item (i) and (i) of Definition 3.8, we have that A2 = A2 *+1) = ¢ for any i in the
range 0 < ¢ < k — |A\| — 1. Thus

E—|\|
{ctoir1(N0) [ 0<i<hk—|\—1} = {<_g> } .

Now note that A2+2) = X2 U {0} for all £ — |\| <4 < k — 1, with 0 an addable box
of A2 Hence [NZ+2)| = |A®)| £ 1 for each k — |A\| < i < k — 1, and so item (i) of
Definition 3.8 implies that |A+3)| = |\CHD| 11 for all k — || <i < k — 2. Thus the
quantities |A#**1| increase by one each time as i runs from k — |A| to k — 1, starting at
0 and ending with &k — 1 — (k — |A|) = |A\| — 1. As such we have

{ctoit1i(N,0) | k=N <i<k—-1}= {|>\(2i+1)| B g

{. 5
= 1 — —
2

5 k—|A| S
{ct2it1(N,0) |0<i<k—1}= <_2> i

k;|)\|§i§k1}

O§i§|>\|1}.

Therefore collectively we have

Ogig)\]—l}

as desired. We now focus on the set {cto;(\,0) | 1 <14 < k}. By item (ii) of Definition
3.8, we have that A(?) = () for all 0 < i < k — |\|. Hence from Definition 2.4/ we have
that c2;(\,d) = 0/2, and so

k= |A
(ctas(\0) | 1< i <k— N} = {(g) }

For the cases k — |A| + 1 < i < k we have that Ay; = Ag;—2 U {y;} for some addable box
[y; of M2 As such

0

Ctgi()\,(D = C(DQZ‘) - 5
for each k — [A\| +1 < ¢ < k. All the boxes of )\ are added during these steps since
Ao(k—\)) = A2k—|A)41 = (), that is Og; runs over all the boxes of A as i runs from

k — ||+ 1 to k. Therefore

{et2i(X,0) [k —[A[+1<i <k} = {C(D) _ g

sof-{e-

z'eD()\)}.
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Thus altogether we have that

k—|A
{ctoi(X,0) |1 <i <k} = {<g> o) — =

Oe )\}
(7 (=97 e}

We now wish to express the generating function L(\, d) defined by FEquation (3.5) as
a rational polynomial in reduced form, i.e. where the numerator and demonerator share
no common factors. Given the diagonal datum (D(X),my) we let D(X)<5 := D(X) NZ<;
and D(A)ss := D(A\) N Zss whenever 0 is an integer.

O

Lemma 3.14. Let (), 2k) € A<j x {2k}, then we have the following two cases:
(1) Suppose § & {—h(A),...,2k —2}. Then

[T (1 + (- $)1)
[Liepoy L+ (5 —)t)ym6)’

where the rational polynomial in ¢ on the right is reduced.

L(A,8) =

(2) Suppose h(A) > 1 and 6 € {—h(A),...,—1}. Then

H'ﬁ'gih(A L1+ (= 3)e)
[jenoy, (1 (3 = D™ O~ epey., 1+ (

where the rational polynomial in ¢ on the right is reduced.

L(\,8) =

[\][S9)
|
.
N~—
~~
S~—

3
>
—~
)
~

Proof. Firstly, by Proposition 3.13 and Equation (3.5) we have that

Loy - D rcta0uon (=30 (4 (=3)0)
| [Tis (1= ctai (301 (1~ ﬁt)k . [jepey (1+ (5 =) t)mk(])
A (1 + (= )

[ljepoy@—+ (5 — )ty
(1): We seek to show that the polynomials

|>“_1 - 5 6 ) m)x(])
H<1+<z—2)t> and H <1+<2—]>t>
=0 FjED(N)

share no common factors. Assume for contradiction that this is not the case. Then for
some 0 <i<|A—1and je€ D(A) ={-h(N),...,w(\)} we have that i — /2 = /2 — j,
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and so § = i + j. Thus immediately we see that if § ¢ Z then the fraction is reduced.
Furthermore by consider the range of values ¢ and j can take, we have that

—h(A) <6 <w(N) + A =1 <2(]A| - 1) <2k -2,
which contradicts the assumption that 6 & {—h(A),...,2k — 2}.
(2): We now seek to understand what factors of

I (1 + G- &)
[Tiepoy L+ (§ = 3)t)ym6)’

cancel out when h(A) > 1 and § € {—h()),...,—1}. As described in the previous case,
numerator and denominator share a common factor if § = ¢+ j for some 0 < i < [A| -1
and j € D(X\). Let P(6) = {(4,j) |0 =i+34, 0<i<|A—1,5 € D(A)}. So |P(d)]
is the number of pairs of common factors between the numerator and denomerator of
Equation (3.6). One can deduce that we must have

P(5) ={(0,6),(1,6 = 1),...,(h(N) + 3, —h(N)},

and so |P()| = h(\) + § + 1. Therefore the factors (1 + (i — $)t) in the numerator
corresponding to i = 0,1, ..., h(\)+J cancel with one of the factors (1+ (g —7)t) in the
denominator corresponding to j = 6,6 — 1,..., —h()) respectively. Hence we obtain

J AN C R R T)
[iepoyo,(1+ (5 — 5ty ) ieppy.,(1+ (5 — j)tym@)’

where the rational polynomial in ¢ on the right is reduced.

(3.6)

L(A,8) =

We can now show that the action of the central subalgebra SSymg[Ny,..., Nog| of
Aok (8) (whenever 6 ¢ {0,1,...,2k — 2}) can distinguish between the simple modules.

Proposition 3.15. Let k& € Z>p and 6 ¢ {0,1,...,2k — 2}. Let (X 2k), (u,2k) €
A< x {2k} such that A # p. Then there exists a supersymmetric polynomial p €
SSym(z1, ..., x9k] such that p(A, ) # p(u,d).

Proof. We will prove this by showing the contrapositive, that is if p(\,d) = p(u,d)
for all p € SSym[z1,...,zox], then A\ = pu. Now since the elementary supersymmetric
polynomials generate all supersymmetric polynomails by Theorem 3.4, we have that
p(A,0) = p(u, 6) for all p € SSym|[zy, ..., z9] if and only if L(A,d) = L(y,d), i.e. if and
only if
T2 (1 + (= ) [T L+ (= )
[Lienoy @+ (G =)™ TLiepgyd+ (5 — i)ty

Using Lemma 3.14 we will break the above equality into four cases, and for each we will

show that either (A, 2k) = (u, 2k), or the case is impossible. The four cases to consider
are the following:
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(C1) 6 & {—=h(\),...,2k — 2} U{=h(p),...,2k — 2}.
(C2) 6 & {—h(u),...,2k —2} but & € {—h(N),...,—1} with h()) > 1.
(C3) 6 & {—h(N\),...,2k —2} but § € {—h(u),...,—1} with k() > 1.
(C4) § € {=h(p),...,—1}N{=h(N),...,—1}.

(C1): Since 6 &€ {—h(N),...,2k —2} U{—h(n),...,2k — 2}, Lemma 3.14 (1) implies
M a+G-9n I a+G-3)1
[Lieno @+ (G =D)™0) TLeppy(d+ (5 — i)t

where both sides are reduced. Since they are reduced, we may equate the numerators
and denominators. Equating the numerators gives

:"H: <1+ (zi) t> :hju)l <1+ <zg) t> ) (Eq4)

Assume one of the factors on the left hand side is trivial, that is ¢ = ¢/2 for some
0 < i < |\ —1. This would imply that 0 < ¢ < 2(|A| — 1), which contradicts the
assumption & & {—h(A),...,2k —2}. As such no factor on the left hand side of (Eq4) is
trivial, similarly no factor on the right is trivial. Therefore (Eq4) implies that |[A| = |u].
Now equating the denominators gives

mx () my(5)

G (e ()™
JjeD(N) JED(1)
This implies D(A\)\{d/2} = D(u)\{6/2} and that m,(j) = m,(j) for all j € D(N)\{d/2}.
This means that the Young diagrams A\ and p can only differ in the diagonal indexed by
d/2. However since || = |p|, no such difference is present, hence (\, 2k) = (u, 2k).

(C2): Since 6 & {—h(u),...,2k =2} but § € {—h(N),...,—1} with A(\) > 1, Lemma
3.1/ (1) and (2) tell us that

125 oy 1+ G = 3)1) O Ima+a-5H

enoye 0+ G = D™ 0 Thepp, 1+ G = )0™D ~ [epgy(L+ (3 — )

As these are reduced we may equate the numerators and denominators. Equating the
numerators gives

i_64iiij([:)+1 <1 ! <Z - g> t> N |:i|;‘([)l <1 N (Z B g) t> ’ (Eg5)

From the previous case we know that the right hand side of (Eq5) has no trivial factors.
Assume the left hand side has a trivial factor, that is ¢ = 0/2 for some § +h(A)+1 <i <
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|A| = 1. This implies that 2(6 +h(A)+1) < ¢, which gives the inequality 6 < —2h(\) —2.
However this contradicts the assumption 6 € {—h()),...,—1}. Hence none of the factors
on the left hand side of (Egb) are trivial. Therefore (Eq5) implies that § + h(\) +1 =0,
and so 0 = —h(\) — 1, but this contradicts the assumption 6 € {—h()\),...,—1}. Thus
this equality can never hold, i.e. this case is impossible. By symmetry, the same can be
said for (C3).

(C4): Since § € {—h(u),...,—1}N{=h(N),..., =1} with h(N),h(n) > 1, Lemma 3.14
(2) implies

Al— .
leld—:h(/\)—i—l(l +(i—5)t)
[liepoys (T + (5 = D™D [Liepy., (1 + (5 = )t)™ @)

[T a1+ (= 9)0)

Men (1 + (5 = D™ O e, (1 + (3 = 5ty

Since both sides are reduced, we may equate the numerators and denominators. Equating
numerators gives

A1 5 -1 5
H <1+<2—2>t>: H <1+<z—2>t>.
i=6+h(\)+1 i=6-+h(u)+1

Arguing as in case (2), none of the factors in the above equality are trivial. As such
we must have that both § + h(A) +1 = § + h(p) + 1 and |A\| = 1 = |u| — 1, hence
h(A\) = h(u) and |A| = |p|. By assumption —h(A) = —h(p) < § < —1, hence we have
that D(A)<s = D(u)<s. Now equating the denominators gives

1 ()™ G (o))

JEDN)<s JED(N)>s

= I <1 + <g —j> t)mu(j)_l 11 (1 + (g —j> t)mu(j).

JED(1)<s JED(K)>s

Since D(11)<s N D(12)>s = 0 for any 71,7 € {\, u}, we must have

11 <1 + <g —j) t>mk(j)_1 = ] <1 + (g —j> t>mu(j)_1, (Eq6)

JEDN)<s JED(K)<s
and
PG PN NG
H (1 + <2 — g) t) = H <1 + (2 —j) t> . (Eq7)
JED(N)>s JED(1)>s

Since 6/2 ¢ D(X)<s = D(p)<s by definition, there must be no trivial factors in (Eq6).
As such the multiplicities in (Eq6) must agree, that is my(j) = m,(j) for all j € D(X)<s.
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Now (Eq7) tells us that D(\)=s\{d/2} = D(u)>s\{0/2} and that the multiplicity func-
tions my and m, agree on this set. Hence together, (Eq6) and (Eq7) tell us that
D(M\{0/2} = D(u)\{6/2} and their multiplicity functions m, and m, agree on this
set. As was the situation in (C1), this implies that the Young diagrams A and p can
only differ in the diagonal indexed by ¢/2, but since |A| = |u|, no difference is present,
showing that (X, 2k) = (u, 2k).

O

We now have enough information to prove that SSymgs[N1, ..., Noi| is the center of
Aoi(8) whenever ¢ & {0,1,...,2k—2}. We will employ the following result, whose proof
can be found in [JK17, Lemma 4.4].

Lemma 3.16. Let A be a C-subalgebra of Clz1,...,z,] and let

(0117"'701”))" O (le,. . '7Cmn)

be m n-tuples in C" for some m € Z~g. Suppose that for each 1 < i # j < m, there
exists a polynomial p € A such that p(i) # p(j), where p(i) := p(ci1, ..., ¢n). Then
there exists a family of polynomials pq,...,pmn € A such that

pi(1) pi(2) ... pi(m)
p2(1)  p2(2) ... p2(m) 20,
p;n'('l) pv‘n.(é) pn;if'n)

O

Theorem 3.17. Let k € Z>p and § ¢ {0,1,...,2k —2}. Then the center of A () is
given by the supersymmetric polynomials in Ny, ..., Nog, that is SSyms[Ny, ..., Nog| =
Z(Azr(9)).

Proof. By Proposition 3.15, we can apply Lemma 3.16 to the case A = SSym[x1, ..., xo]
and where {(ci1,...,¢1n)s- -, (Cm1y---sCmn)} = {(cti(A,9), ..., ctar(X,0)) | A € A<k}
So we have that n = 2k and m = [A<i|. Hence Lemma 5.16 tells us that there exists
a family of supersymmetric polynomials {py : A € A<} C SSym[x,..., x| such that
the matrix (pa(@,0))xpenc, in C™*™ is invertible, recalling that

palp, 0) := paleti(p, 6), ..., ctog(, 9)).

We will now show that the corresponding elements py (N1, . .., Nax) in SSymgs[ N1, ..., Nog]
are also linearly independent. Assume that

P= > apa(Ni,...,Ny) =0,
)\EASk

where ¢y € C for each A € A<j. We seek to show that ¢y = 0 for each A € A<j. For
any (i, 2k) € A<y, x {2k}, the element P acts on the simple Ayy,(d)-module A2%) by 0.
From Lemma 3.6 and Lemma 3.7 this means that

Z cAP)\(N? 5) = 07

)\EASk
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for any (i, 2k) € A<k x {2k}. However, since the column vectors of (px(p,0))x e, are
linearly independent, we must have that cy = 0 for all A € A<j. Therefore the set

{pA(Nla cee 7N2k') NS Agk}

is linearly independent in SSymg[Ni,..., Nog]. Since Ay (9) is semisimple, we know
by the Weddernburn-Artin theorem that the dimension of the center Z (A, (d)) equals
|A<i X {2k}| = |A<g|, which equals the size of the above linearly independent set. Hence
by Theorem 3.5 we must have that SSyms[Ny, ..., Nog| = Z(Aak(9)).

O

Corollary 3.18. We have that SSym[Ny, ..., Nox] = Z(Agk(2)).

Proof. This follows from Theorem 3.17 and then applying Lemma 2.59.
O

Remark 3.19. As mentioned in Theorem 2.13, the center of the group algebra of the
symmetric group can be described as the subalgebra of symmetric polynomials in the
Jucys-Murphy elements. Analogous descriptions of the centers of the Brauer algebras
and walled Brauer algebras (in the semisimple settings) have also been shown in [N96]
and [JK17] respectively. Both Theorem 3.17 and Corollary 3.18 provide analogous results
for the partition algebras.

Remark 3.20. Before the Jucys-Murphy elements of the partition algebra were defined
in [HRO5], the central idempotents of the partition algebra were described in [MW99].
These central idempotents were obtained by taking the product of the central idempo-
tents in the underlying group algebra of the symmetric group by a certain recursively
defined splitting idempotent associated to the partition algebra. In this sense the center
of the partition algebra is understood via the splitting idempotent and central idem-
potents in the group algebra of the symmetric group. Our result above gives us an
understanding of the center of the partition algebra via the Jucys-Murphy elements.
In [MW99] they described how their central idempotents can give information on the
blocks of the partition algebra, and in the next section we show how our description of
the center can do the same.

3.3 Alternative Description of the Blocks

Recall from Section 2.2.3 that the blocks of the partition algebra Asi(d) were charac-
terised by P. Martin as maximal J-chains of */X(j/,)€ for any 6 € C. In this section we will
present an alternative characterisation of the blocks by utilising the action of the central
subalgebra SSymg[N1, ..., Nog] of Agk(9).

Let A be any finite dimensional C-algebra and let A be an indexing set for the isomor-
phism classes of the simple A-modules. Recall that the set of blocks {Ba(\) | A € A}
give a set partition of A. We will write A* to denote a simple A-module belonging to

the class A € A. Let z belong to the center Z(A) of A, then by Schur’s lemma z acts
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by a scalar on A*. Let xA(z) € C denote this scalar. Then we obtain a C-algebra
homomorphism x : Z(A) — C which is referred to as the central character induced by
A. It is well known that A and p belong to the same block of A if and only if the central
characters x and yx, are equal. In this sense, the center Z(A) can distinguish between
the blocks of A. Now for the partition algebra Agx () recall that

A(5) L AS]% o ;é 07
<k "
A< \{0}, d=0.

index the isomorphism classes of simple Ay (d)-modules. Consider the central characters
X+ Z(Agk(6)) — C

for A € A(g,)€7 then B, (5)(A) = {1 € A<k | X = xa}- When Ao () is semisimple then
the blocks are trivial, and by Theorem 3.17 we know that Z(Asgx(8)) = SSymg[N1, . .., Nog].
From Lemma 3.7 and Lemma 3.6 we know that the central character ) acts on any
p € SSymg[Ny, ..., Nog] by xa(p) = p(A, d), i.e. it evaluates the polynomial at the tuple
(ct1 (N, 9),...,ctarg(N,0)). We now show that even in the non-semisimple case, the central
characters still act on the supersymmetric polynomials in the normalised Jucys-Murphy
elements by evaluating them at the contents of standard paths.

Proposition 3.21. For any § € C and \ € Ag, we have that
xa(p) = p(A,0)
for any p € SSymg[ N1, ..., Nog|.

Proof. By Corollary 2.52 we know for any \ € A(f,)c there exists a cell module Ag\k,é of
Ao (6) which possesses a basis {mt | T € Path(),2k)} such that

N .
Nymy = (cont(;(T,z) - 2) m3 + g vs(T,3)m (3.7)
ScPath(),2k)
T<S

where < is the partial ordering on the set of paths Path(\, 2k) defined in [Eny13, Defini-
tion 3.8]. As mentioned previously, the standard path T2k) ¢ Path(), 2k) is a maximal
element with respect to this partial ordering (see [Enyl3, Lemma 3.9]), then for any
supersymmetric polynomial p € SSym[z1, ..., zox], by Equation (3.7) we must have that

p(Ny, ..., NQk)mg\r(A,Qk) = p(A, 6)m‘>|\'()\,2k)-
Since A%‘k s is a cell module, there exists a maximal submodule N C Aé\k 5 such that
A AN
Day, 5 := Al 5)/N
is a simple module of the class A. Then

P(N1, ..o, Nog) (M oy + N) = p(X, 8) (300 + N).
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Since SSymy[ N1, ..., Nog| C Z(Agx(9)), then Schur’s lemma tells us that p(Ny, ..., Nog)
acts on all of Dé\k by a certain constant, and from above this constant must be p(\, d).
Therefore we must have that x(p) = p(A,9).

U

Now recall the generating functions L(\, §) of Fquation (3.5) whose coefficient of the n-
th degree term is I,,(A, §), the evaluation of the elementary supersymmetric polynomial at
the contents of the standard path. This can be defined for any § € C. From Proposition
3.21 and Proposition 3.13 we have that

Al-1 .
2 0+ (= $))

LA G) =D xalla)t" = : —,
7;) [Tjeppy(+ (§ —j)tym

for any 6 € C and A € A(j,)i Since the elementary supersymmetric polynomials generate
the algebra of supersymmetric polynomials by Theorem 3.4, the generating function
L(A, d) contains the same information as the action of the central character x) on the
subalgebra SSymg[Ny, ..., Nog| of the center Z(Asx(d)). In particular, for any A\, pu €

AY), we have that L(A,6) = L(y, 6) if and only if

XA|SSym5[N17~-,N2k] = Xﬂ|55ym5[N17~~7N2k]'

When Ay (0) is semisimple, then we know by Theorem 3.17 that SSymg[Ny, ..., Nag] is
precisely the center of Ajgy(d), thus xn» = x, if and only if X = p. This was shown in
Proposition 3.15 to be the same as asking that L(\, ) = L(u,d). We end this section by
showing that even in the non-semisimple case, these generating functions still determine
the blocks, that is to say that the action of the subalgebra SSyms[N, ..., Nog| of the
center Z(Agx(9)) can distinguish between the blocks of Ay (d). We will prove this by
showing that L(\,d) = L(u,0) if and only if x and A belong to the same maximal d-chain.

Lemma 3.22. Let \,u € Ag,)g. If (1, A) is a d-pair, then L(u,d) = L(A,9).

Proof. We have that A\u = R where R is a horizontal strip. Let R = {b1,...,b,} where
the boxes b; run from left to right as 7 runs from 1 to n. Since (p, A) is a d-pair we have
that ¢(b,) = 6 — |p|. As such,

M a+G-5n T A+ G- DT, 0+ -5
Muex(1+ G —c@)t)  Tlerr(+ (G = c@)t) [<icn (1 + (§ = cbi))t)’

We have that |\| = |u| + n, then reindexing gives

L(,0) =

[Al—1 n
[T a+G=6/2t) =T+ (N—i-d/2)). (3.8)
i=|pl i=1

As R ={by,...,b,} consists of consecutive boxes in the same row, and c¢(b,) = § — |/,

we see that ¢(b;) = c(by) —(n—1i) =90 — |u| —n+i=06— |\ +i. Thus
[T a+6/2—c))t) = ] @+6/2—=@— A+t = [] Q+(A-i=5/2)t). (3.9)

1<i<n 1<i<n 1<i<n
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Thus Equation (3.8) and Equation (3.9) agree, and so these factors cancel in L(A, ).
Hence, since A\/R = p, we see that

O]

Recall that Cop 5(A) denotes the set of partitions in Al %k which belong to the same
maximal d-chain as A, which we know equals the block B, (5)(A). From the above

lemma, one can immediately see that if 71 ¢ .- ¢ 7(") is a maximal d-chain, then
L(7(®,8) = L(7\1),§) for any 1 < 4,5 < 7. This tells us that g € Cop5()\) implies that
L(A,0) = L(u,d). The other direction will following from the next two lemmas.

Lemma 3.23. Let \,u € A(j,l such that p C A. If L(A\,0) = L(w,9), then there exists a
d-chain 7Y ¢ .. ¢ 7(") for some r € N such that = 7 and A = 7(").

Proof. We will prove the result by induction on the number of horizontal strips which p
and \ differ by (which is well-defined since  C \). For the base case, assume that p and

A differ in a single row, that is A/u = R := {b1,...,b,} for some n € N, and we assume
that the boxes b; run left to right as ¢ runs from 1 to n. Since pU R = X, we have
Al-1 A-1 .
g T A+ G=5n 125"+ (= §))

[laex(+ (5 —c(@)t)  Tlaen(1+ (§ = c(a))t) Tli<izn (1 + (5 — c(i))t)’

and by definition we have

T+ - 9He)
o, (1 + (3 — c(a)t)’

By assumption we have that L(A, ) = L(p,d), and so we can deduce that

A+ (= 9)t)
[Ti<icn(1+ (% bi))t)

Note that there is n = |A| — |u| irreducible factors in the numerator and denominator
of above. Since the fraction equals 1, the factors in the numerator must match up one-
to-one with the factors in the denominator. The box b,, has the largest content of all
the boxes in R, and so the factor (1 + (f — ¢(by,))t) has the smallest coefficient of ¢
out of all the factors in the denominator. As such, this factor must cancel out with
the factor (1 + (|u| — g)t) in the numerator, since this has the smallest coefficient of ¢
among the factors in the numerator. Equating these coefficients yields ¢(b,) = § — |ul.
Hence p <5 A proving the base case. Now assume the result holds if A differs from p by
r—1 > 1 horizontal strips, we seek to prove the 7 case. So suppose that uU;ef, RO = )

L(w,0) =

=1.

[
2
c(

where R() = {bgi), e bﬁf}} is a horizontal strip of boxes in A and n; € N. Assume that
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R is in a lower row of A that RU) whenever i > j, hence R(" is found lower in A than
any other R for i < . We have that

T (1 + G - 9))
[Tacp (1 + (3 = c(@)t) Ties Ti<jn, (1 4+ (& — c(®)t)

By assumption we have that L(\, ) = L(p,0), and so one can deduce that

A .
2+ G = $))
i Tl cjcn, (1 + (5 = c(0))t)
Note, as was the case previously, the number of irreducible factors in the numerator

agrees with that of the denominator. Since the fraction equals 1, the factors in the
numerator must match up one-to-one with the factors in the denominator. For the

horizontal strip R = {b} r) . bgﬁ)} assume that bl(r) is to the left of bg.r) whenever

L(\,8) =

i < j. Thus since R is lower than any other horizontal strip R, the box bY) has the

smallest content among all the boxes in UiE[T]R(i). As such the factor (1+(5/2— c(bgT))t)
has the largest coefficient of ¢ among the irreducible factors in the denominator, hence
this factor must cancel out with (1 + (|A] — 1 — %)t), since this is the irreducible factor
with the largest coefficient of ¢ in the numerator. Therefore we must have that

() =6 — ||+ 1.
The last box bSI) in R(") has content c(b(r)) (bgT)) + n, — 1, and so we have that
(b)) =6— A\ +1+n, —1=0— |\ +n,=6—[A/R"].

Therefore A/R(") <5 A, and thus by Lemma 3.22 we have that L(),6) = L((\/R("),¥).
Thus L(g,6) = L(A/R™), ) and u € A/R("), and so by the inductive hypothesis there
exists a d-chain 7V ¢ ... ¢ 70=Y such that 7Y = g4 and 7Y = X\/R("). Since
A/ R <55 \, we can extend this chain by adding 7(") = X, which completes the proof.
O

Lemma 3.24. Let A\, pu € A(gal)c' If L(A,0) = L(p,0) then pt C A or A C p.

Proof. Assume for contradiction that L(\,d) = L(u,d) but A ¢ p and p ¢ A. Consider
the Young diagram 7 = AN p, then we have

L5 0+ G951 T2 1+ (= $)1)
Muer(+ G —c(@)t)  Tlae, 1+ (5 = c(@)t) Iaersr (1 + (5 — c(a)t)’
and similarly

M a+G-5t [T (1 + G - §)e)
Maeu 1+ (5 —e(@)t)  Taer (1+ (3 = c@)t) [aenr (1 + (3 — cla)t)’

L(X,8) =

u(t) =
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Without loss of generality assume that |u| < |A|. Since L(A,0) = L(p,d) we have that

M a+a-9n | o
[aerr(1+ (3 —e(@)t)  Tlaguy-(L+ (5 —c(a)t)’
which implies
[A]—1 s
. [Ler/-(1+ (53 — c(a))t)
14+ (i—9/2)t) = . 3.11
Zl_|£|( o /20 HaEp/T(l + (g c(a))t) ( )

This tells us that all the irreducible factors in the denominator of the right hand side
of Equation (3.11) must cancel out with factors in the numerator, or be trivial. This
means that the multiset of contents which do not equal 6/2 of the skew diagram p/7 is
contained in the multiset of contents which do not equal 6/2 of the skew diagram /7.
Since (A\/7) N (p/7) = 0, these multisets are distinct, and so /7 must consists only
of boxes with content 6/2 and A/7 has no boxes with content §/2. The only way u/7
can consist solely of boxes with content §/2 is if |u/7| = 1. So let pu/7 = {a} where
¢(a) = /2. Then from FEquation (3.10) above,

T+ G- )
[aers(1+ (3 = e(a))t)

Note, the number of irreducible factors in the numerator of Equation (3.12) equals
|A| — |u], while there is |\/7| = |A| — |p| + 1 (since |u| = |7] + 1) irreducible factors in
the denominator. Thus for the equality of Equation (3.12) to hold, one of the factors in
the denominator must equal 1, i.e. there must exist some a € A\/7 such that c¢(a) = 6/2.
However, as mentioned above this cannot occur, giving the desired contradiction.

= 1. (3.12)

O

Corollary 3.25. Given A\, u € A(<§,)€, then A\ and p belong to the same block if and only
if L(\,d) = L(p,6). As such we have that

5
Bor(A) = {M € A(Sll ‘ XAl SSyms [ N1, Now] = Xu\ssym,;[Nl,...,N%]} ~
O

Remark 3.26. If 6 € {0, 1,...,2k — 2}, i.e. when Ag() is non-semisimple, then we do
not know whether the subalgebra SSym[Ny, ..., Nog] is the entire center Z(Agx(d)) or
not. However, we know that the action of the center Z(Agx(9)) can distinguish the blocks
of Agk(d), and Corollary 3.25 tells us that the central subalgebra SSym[Ny, ..., Noy]
can do the same. We believe this gives some evidence to suggest that the algebra
SSym[Ny, ..., Ngy| is possibly the entire center even in the non-semisimple case.

Remark 3.27. As already summarised in Section 2.2.3, the blocks of the partition
algebra Ay (9) have already been understood from the works of P. Martin in [Martin96]
and of D. Wales and W. Doran in [DW00] as maximal d-chains. Our result in Corollary
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3.25 has simply re-expressed such information in the form of a generating function. One
reason why this is interesting is that is provides an analogous theory for understanding
the blocks of the partition algebra which has been described for various other algebras
such as the Brauer and walled Brauer algebras. That is using Jucys-Murphy elements
and thier action on simple modules has provided a more uniform approach to analysing
the blocks of a given algebra, and we have demonstrated this for the partition algebra.
It is also worth mentioning that comparing whether two generating functions L(\,d)
and L(u,d) agree or not is a very simple task, as one does not need to “unravel” the
generating functions, but instead just needs to treat them as rational functions in the
variable ¢, and simply cancel out common factors.
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4 Affine Partition Algebra

This chapter will provide a definition of an affine version of the partition algebra which
we denote by Agg called the affine partition algebra, and prove a variety of results
regarding it including the five affinization proerties 1 to 5 described in Section 1.4. For
the first section of this chapter, to help motivate the definition of our affine partition
algebra via a presentation, we start by summarising the process employed by others to
construct analogous algebras as highlighted in Section 1.3. We prove and collect various
relations in the partition algebra, then define the affine partition algebra by generators
and a presentation, and lastly focus on proving the first three affinization properties 1
to 3. The second section of this chapter describes an action of Agg on the tensor space
M @ V@ where M is any CS,,-module, which generalises the action Wy, described in
Theorem 2.58. As such we prove that our affine partition algebra satisfies affinization
property 4. The third and last section of this chapter establishes connections between
our affine partition algebra and the Heisenberg category defined in [Khol4]. Namely
we prove that a certain endomorphism algebra of an object in the Heisenberg category
is a quotient of our affine partition algebra, and via this quotient the affine generators
get mapped onto decorations as one would hope. This shows that our affine partition
algebra partially satisfies the last affinization property 5. We end the chapter by recalling
a subcategory of the Heisenberg category called the affine partition category which was
defined in [BV21] and is denoted by APar. This category is generated by a single object
and a collection of morphisms, and an algebra also called the affine partition algebra
APy, is defined in [BV21] as the endomorphism algebra of a certain object in APar. We
prove that the category APar is a full subcategory of the Heisenberg category, which as
a result gives us a basis for the morphism spaces of APar, and shows that the algebra
APy is a quotient of our affine partition algebra Agg.

4.1 Defining the Affine Partition Algebra A3ff

In this section we will prove various relations within the partition algebra, use such to
define an affine partition algebra, and prove many structural results for this new algebra
including the affinization properties 1 to 3. We will define the affine partition algebra by
employing an analogous procedure to what has been done for other affine counterparts
of diagram algebras within the literature. This procedure however is very vague and
often only the outcome of such is given with the procedure itself only implicitly present.
As such we wish to give some structure to this procedure to help motivate our definition
and ease the readability of the chapter. We seek to define an affine partition algebra
A3 by taking the following steps:
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1. Fix a generating set G for the partition algebra Asy.

2. Fix a family of Jucys-Murphy elements X = { X7, ..., Xox} for Ay and a collection
of central elements W C Z(Agy) related to X.

3. Fix a collection of relations R involving the elements G, X, and W, which contains
a presentation for Asgy.

4. Define Agg with generating set G LU X*F W2 and defining relations R¥f where:

e The sets G, X2 and W2 are considered to be formal symbols which are in
bijection with G, X, and W respectively.

e The relations R are obtained from R by replacing each of the elements from
G U X UW with their bijective counterparts in Gaf L1 Xaff [ waff,

This series of steps is presented to simply give a broad idea behind how we defined the
affine partition algebra. A variety of choices need to be made, with the most significant
choice being that for the set of relations R. No conditions for such choices are given,
which of course means that following these steps in general would lead to numerous
algebras which would be very undesirable candidates for an affine partition algebra. To
refine these steps to provide an algorithm which produces desirable algebras appears
to be a very difficult task, and we do not attempt to do such here. Instead, we will
model our choices to be as analogous as possible to the choices made in other affine
diagram algebras, and by keeping in mind that we want the resulting algebra to satisfy
the affinization properties 1 to 5. With this being said, recall the diagram algebras and
their affine counterparts discussed in Section 1.2 and Section 1.3, we now explain how
analogous steps to those presented above were taking in such settings.

For the setting of the degenerate affine Hecke algebra Hy, we have G = {s1,..., 851},
the set of simple transpositions in &, and X = {Y1, ..., Yy}, the family of Jucys-Murphy
elements defined in Definition 2.11. The set of central elements W is to help account for
certain floating components in the diagrammatics, which are absent in this setting and
so we have W = (). The set of relations R is taken to be the relations in Theorem 2.1
along with the relations in Lemma 2.12. Then Hy is obtained by applying an analogous
step to Step 4 above. Due to the choice in relations R, the elements G generate in #,
a subalgebra isomorphic to the group algebra of the symmetric group CSy, and hence
we really have that G* = G. However, the elements X* have provided meaningfully
new generators as discussed in Section 2.1.7.

The setting for the affine Wenzl algebra W was presented in [N96]. To summarise,
let 6 € C, then G = {s1,...,Sk—1,51,...,Sk—1}, where s; are the simple transpositions of
Sy, sitting inside the Brauer algebra B (J), and §; are the generators corresponding to
the diagrams {{¢,i+1},{¢', (i +1)'},{4,5'} | 7 € [k]\{i,i+1}} (i.e. when viewing B(J)
as a subalgebra of Agi(d), then 5; = eg;e9;_1€2i11€2;). The family of Jucys-Murphy
elements X = {z1,...,z;} are taken to be those defined in [N96, Equation (2.2)]. The
set of central elements are taken to be set of constants

W:{Z§n):5(52_1)|nez>0}
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The motivation behind this choice of central elements is since they satisfy the relation
512751 = z%n)El. Hence thinking ahead, we will want to interpret the affine version of the
element z; (i.e. its counterpart in X*f) as a decoration on the first string, thus the affine
version of the expression 512757 would be viewed diagrammtically as 5; plus a floating

loop with n decorations on it. As such the affine version of the equation 51275 = zin)El

will allow the affine version of the central element z%n) to play the role of a floating loop
with n decorations. The set of relations R are chosen to be those in the presentation of
B1(6) given in [NIG6, Proposition 1.1] alongside the relations 51215 = zin)gl, various
commuting relations, and some non-commuting relations between the Jucys-Murphy
elements and the generators in G (which include recursive relations analogous to item
(#i7) in Lemma 2.12). Then W is obtained by applying an analogous step to Step 4
above. Due to the choice in relations R, the elements G generate in W, a subalgebra
isomorphic to the Brauer algebra By (wp) (viewed as an algebra over the ring Clwg], with
wp being the affine version of 250) = (6 — 1)\2 belonging to W), Hence we really have
that G = G. However, the generators X = {y;,... y1} and W = {w,, | n € Z>¢}
(adopting the notation of [N96]) have become meaningfully new elements, which in some

sense have “freed up” the Jucys-Murphy elements and the central elements z%n). These
relations of R were very much a choice M. Nazarov made, and although little is said
in [N96] regarding the motivation for such choices, they are certainly quite analogous
to the relations chosen in the setting of Hy, and are very natural when considering the
corresponding diagrammatics that will be produced, in other words for the resulting
algebra to satisfy affinization property J.

The setting for the affine walled Brauer algebras follows very analogously to that of
the affine Wenzl algebra, and the reader may find such details in [Sar13] and [RS13].

The choices we will make to construct our affine partition Agg are very much guided
by what has been done by others summarised above. However there will be numerious
unique features with our construction which we will remark on as they emerge. It is
worth mentioning now that our choice for the set of relations R was motivated by a
mixture of what was done by M. Nazarov in [N96], and in trying to produce an algebra
which satisfies the affinization properties 1 to 4, with the last two such properties being
the most helpful in determining appropriate relations to pick.

4.1.1 Making our choices for G, X, W, and R

In this subsection we establish the sets G, X, W, and R involved in Steps 1 to 3. We
define normalised versions of both the Jucys-Murphy elements and Enyang’s generators,
which will be easier to work with. Many of the relations in R will need to be proved,
and will contain an alternative presentation of Asx, which is simply the presentation
Theorem 2.38 given by J. Enyang with the exception of replacing Enyang’s generators
with the normalised versions.

Recall the Jucys-Murphy elements Ly, ..., Lo and Enyang’s generators oa,...,09_1
for the partition algebra Ay given in Definition 2.34. We define the following normali-
sations of such elements:
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Definition 4.1. In Ay define for any ¢ € [k — 1] the elements
loj = 02; — €2, t2i41 1= 02i41 — €2;.
Also for any ¢ € [2k] define
P {2—1—Li, if i odd
L;—1, if 7 even
We use the same symbols to denote the corresponding elements in Ay (9) for any ¢ € C.

Throughout this chapter we will refer to the elements X; also as the Jucys-Murphy
elements, and the elements ¢; also as Enyang’s generators. By definition one can see that
t; € A;1q1 and X; € A;, also these elements are invariant under the anti-automorphism
x. By (E2)(iv) of Theorem 2.38 one can check that s;ta; = to;s; = toj+1. We briefly
collect some simple relations to ease the proof of the following proposition.

Lemma 4.2. The following relations hold:
(i) ezititoieziqr = Xoi—1€2i41
(i) toiezi—1e2; = Xojea;, and egeni_1ta; = ez Xo;
(ili) t2i1€2i4102i = Xojegi, and egjeziyi1taip1 = €2, Xo;

Proof. (i): We have that

e2it1t2ie2i41 = €2i11(02; — €2;)e2ir1
= €9;4102i€2i+1 — €2i+1 by (E5) of Theorem 2.38
= (z — Loj—1)e2i+1 — €2i+1 by [Eny12, Proposition 4.3 (2)]
= (Xoi—1 + 1)eip1 — e2iq1

= Xo;i_1€241
(ii): We have that

loje2i—1€2; = (02i - 621')621'71621'

= 02i€2,—1€2; — €2; by (E5) of Theorem 2.38

= Lojeq; — ey; by [Eny12, Proposition 3.2 (3)]
= (X2; + 1)eg; — e

= Xo;€2;

The relation eg;eq;—1t9; = e9; Xo; is obtained by acting by .

(iii): We have to; 11691169, = to;Si€9;11€2; = tojea;_1€9; = Xo;e9;. Again the relation
e2i€2i+1t2i+1 = e2;X9; is obtained by acting by .
]
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The following proposition contains all the relations R we seek for our construction of
the affine partition algebra Agg, as such some are identical to relations which can be
found in Section 2.2. It includes a presentation of the partition algebra Asgy(z) which
is simply Enyang’s presentation of Theorem 2.38 except working with the generators t;
instead of ¢;. For those relations we have adopted the same naming conventions given
in Theorem 2.38 even though their meaning does not always correspond directly to the
given relation.

Proposition 4.3. The partition algebra Ay (z) is generated by the set
{ti,e; |2<i<2k—1, je2k—1]},
and the following relations are satisfied:

(1) (Involutions)
(i) t3, =1 — ey, forie [k —1].
(ii) ¢34, =1 — ey, fori € [k —1].
(2) (Braid relations)
(i) toipito; = tojtoipr for j # i+ 1.
(i) toir1taji1 = toji1taips for j # i+ 1.
(iii) tita; = tojtei for j # i 1.
(iv) $i8i418i = Si+18iSi+1, for i € [k — 2], where s; = to;jtoi11 + €g;.
(3) (Idempotent relations)
(i) e3,_; = ze2i—1 for i € [K].
(ii) €3, = ey for i € [k —1].
(iil) toj11€2; = egitair1 = 0 for i € [k — 1].
(iv) tojeo; = egitg; =0 for 1 < i <k —1.
(V) toiegi—1€2i41 = tait1€2i—1€2i41 for 1 <@ <k —1.
(Vi) eziy1e2i—1ta = egiy1e2i—1toiq1 for 1 <i <k —1.
(4) (Commutation relations)
(i) eiej = ejey, if |0 — j| > 2.
(ii) toi—1€2j—1 = egj—1tai—1, if j #1—1,4.
) tai—1e2j = eajtoiq, if j # 1.
(iv) toienj—1 = egj—1ta;, if j # 4,1+ 1.
(v)

(5) (Contractions)

(iii

tojeaj = egjto;, if j # i — 1.

(i) €i€i+1€; = €; and €i+1€i€i+1 = €41, for ¢ € [2]{7 — 2].
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(i) toiezi—1t2i = tait1€2i41t2i41, for i € [k —1].
(ili) tosegi—oto; = ta;—1€2it2i—1, for 2 <i <k —1.

Furthermore, the following relations involving the Jucys-Murphy elements and Enyang’s
generators are satisfied, whenever the indices make sense if not stated:

(6) (JM Commutation Relations)
(i) X;X; = X;X; for all i, j € [2K]
(i) t;:.X; =Xt for j#i—1,4,i+1
(ili) e;X; = Xje; for j #4,i+1
(7) (Braid-like Relations)
(1) toi—otaitai—o = tait2iot2i(1 — e2;2)
(i) t2it1t2i—1t2it1 = tai—1t2ip1tai—1(1 — e2;)
(iii) toi—1t2it2i—1 = t2; — e2i—at2; — ta;e2;i 2
(iv) toitai—1te; = toi—1 — eait2i—1 — toi—1€2;
(8) (Skein-like Relations)
(1) Xoiy1 = t2iXoi—1t2; + ezieai—1t2; + t2ie2;1€2; — ta;.
(ii) Xoir2 = tait1Xoiteir1 + egiezir1tair1€2ir1€2; + toiv1.
(iil) Xoi = t2; Xoita; + ezieai—1t2; + taieai—1€2;.
(iv) Xoip1 = toir1 Xoir1tair1 + e2iezipitaip + tait1€2i11€2i
(9) (Anti-symmetry Relations)
(i) e(X; — Xiy1) = 0 for i € [2k — 1].
(i) (X; — Xiy1)e; =0 for i € [2k —1].
(10) (Bubble Relations)
(i) e1Xle; = z(z — 1)ley, for all | € Z>o.
Proof. Although lengthy, it is simple to check that relations (1) to (5) are satisfied
since we merely exchanged the elements ¢; with ¢; from Enyang’s presentation given in

Theorem 2.38. In particular they certainly generate the algebra A (2).

(6): Follows from items (ii) and (iii) of Proposition 2.37, and since e; commutes with
A;_q for all i € 2k —1].

(7): These relations will be proven seperately in Lemma 4.6 below.

(9): Follows from [Eny12, Proposition 3.9] (1) and (2).

(10): We have that X; =2z —1—L; = z— 1. Thus for any [ € N,

e1Xlep = (z—1)le? = 2(z — 1)ley.
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(8)(i): From Proposition 2.39 (i) we have
Lojt1 = 09;L0;_109; — €2;€2;_102; — 02;€2;—1€2; + €2;€2;1102;€2;11€2; + 0. (4.1)
Examining the right hand side term by term: For the first term,

02iLoi—102; = (t2i + e2i)(—Xai—1)(t2i + e2) + (2 — 1)
= —t9; Xoi—1t; — t2; Xoi—1€2; — €2i X2i_1t2; — €2, X2i—1€2; + (2 — 1)
= —t9; Xoj_1te; — Xoi—1€2; + (2 — 1)

where the last equality follows since Xo;_1 commutes with eo; and t9;e9; = eog;to; = 0.
For the second and third term of Equation (4.1), we have

—€2i€2;_102; = —€2; — €2;€2;_1t2;, and — og;ez;_1€9; = —tie2i_1€2; — €2;.
For the forth term of Equation (4.1),

€2i€2;1102;€211€2; = €2;€2;1112;€2;11€2; + €2;€2;11€2;€2;11€2;

= €9i€2i+1t2;€2;11€2; + €2;

= eg;j€2;—1t2i11€2;41€2; + €2; by to; = sit2i1
= 62162171X2¢+162i + e9; by Lemma 4.2 (ZZZ)
= eg;€2;—1€2; X2;—1 + €2; by (9)(i), (i)

= e2;X2i—1 + €2;.
Substituting all these back into Equation (4.1) yields
z2—1— Xojp1 = —to; Xoi1ty; — Xoj—1€2; + (2 — 1) — e2; — ejeai—1la; — ta;en_12; — €2;

+ e2iXo;1 + e + 1t + e
< Xojy1 = to; Xoj 1to; + egje0; 1t2; + toen; 1€9; — to;

giving (8)(1).
(8)(ii): From Proposition 2.39 (ii) we have

Lojyo = 02i41L2i02i11 — €2;€2i11 — €2;11€2; + €2€2i1102;1+1€2i+1€2; + 02 41. (4.2)
We examine two terms on the right hand side: The first term gives
02i+1L2i02i41 = (t2it1 + €2i) (X2 + 1) (t2i11 + €2;)
= t9i4+1X2it2i41 + toir1X2:€2; + €2, Xoitoi41 + e2; Xojea; + 1

2 2
= to;p1Xoit2ir1 + 15, 1€2: 4162 + €gi€2i41t5;, 11 + 1
= toi+1Xoit2i+1 + €2i41€2; + €2i€241 — 2e9; + 1

where the second equality follows since (tg;41 + 622')2 = 1, and the third from Lemma
4.2 (ii1) and since eg; X9;€9; = eg;eai_1to;e2; = 0. The forth term in Fquation (4.2) gives

€2i€2i+102;11€2i11€2; = €2;€2;1+112;11€2;41€2; + €2;€2;11€2;€2;11€2;

= egj€2i+1t2;11€2i11€2; + €2;.
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Substituting these back into Equation (4.2) yields

Xojro + 1 = to;41Xoito;11 + €241€2; + €2i€2i41 — 2e2; + 1
— €9;€2;41 — €2;41€2; + €2;€2;4112;41€2;+1€2; + €2; + to;41 + €2;

= Xoito = toi1Xoitoir1 + €2ie2i41t2i41€2i+1€2 + t2i1

giving (8)(ii).
(8)(iii): From Proposition 2.39 (iii) we have

Loj = 09;L9;00; + e2ie2i_102; + 02i€2;_1€2; — €2;€2i+1 — €2i41€2;. (4.3)
We have that

09iL2i09; = (to; + e2;)(Xo; + 1) (t2; + €2)
= t9; Xojto; + to; Xojea; + €9, Xoito; + €2, Xoje0; + 1
= to; Xoito; + t3;02i_109; + egiea;i 115 + 1

= 19; X0ito; + €i—1€2; + €2;€2i—1 — 2e9; + 1

where the second equality follows since (to; + e2;)> = 1, and the third equality from
Lemma 4.2 (ii) and the since to;e9; = eg;ta; = 0. Substituting this, and relations

€2i€2i—102; = €i€2i—1l2; + €2 and ogiei—1€2; = l2;€2i—1€2; + €2,
back into Equation (4.3) yields

Xoi + 1 = t9; Xoito; + e2i_1€2; + €g;€2,—1 — 2e2; + 1 + ez;e2,_1t2; + €2;
+ to;e2i_1€9; + €2; — €2;€2i41 — €2;11€2;
= Xog; = to; Xojlo; + egjeai_1to; + to;e2;,_1€2; + 1

giving (8)(ii).
(8)(iv): From Proposition 2.39 (iv) we have

Loiy1 = 02i41L2i4102i41 — €2i€2i4102i41 — 02i+1€2i+1€2i + €2i€2i11 + €2i41€2;.  (4.4)
We have that

02i41L2i4102i41 = (t2ig1 + €2:) (—Xoig1) (t2ip1 + €2:) + (2 — 1)
= —toit1X2it1t2i+1 — t2ir1X2i41€2i — €2 X2i1t2i+1 — €2 Xoip1€2i + (2 — 1)
2 2
= —toip1Xoit1t2ip1 — th; 124162 — €ziezit1ty; g + (2 — 1)

= —tir1X2it1t2i+1 — €2i+1€2i — €2;€2i+1 + 2e2; + (z — 1)

where the third equality follows from Lemma 4.2 (iii), and noting that es; Xo;11e9; =
egngiegi = 621‘621‘,11521'621' =0. Substituting thiS, and the equations

—€2i€2i4+102i+1 = —€2i€2i+112i41 — €2; and o0g;e2; 1€2; = —l2iy1€2i+1€2; — €2i,
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back into Equation (4.4) yields

(z = 1) = Xoijt1 = —toit1 Xoit1toir1 — €2i41€2; — €gie2i41 + 2e2; + (2 — 1) — eienipitaiyt
— €9; — tajr1€9;41€2; — €2; + e9;€2i11 + €2511€9;

= Xoiy1 = toir1Xoip1toit1 + toip1€2i41€2i + €221 1t2i41

giving (8)(iv).
O

Remark 4.4. Although tedious, one can check that each of the relations given in Propo-
sition 4.3 above is invariant under the shift of indices given by 2i — 1 +— 2(i +m) — 1
and 2i — 2(i +m), for any m € Z>.

Remark 4.5. To summarise Proposition 4.3 in regard to Steps 1 to 4 discussed at the
start of this section, we have picked our generating set to be

G={tie; |2<i<2k—1, je[2k—1]},

the family of Jucys-Murphy elements X to be the normalisations defined in Definition
4.1, and the central elements to be the polynomials W = {z(z — 1)! | | € Z>0}. Also the
relations R are all those present in Proposition 4.5.

A subtle but important aspect of the choice of generators G is that we have included
the element t3 = 1 — ey (noting that oo = 1 is absent in the presentation of the partition
algebra given in Theorem 2.38 since it is clearly redundant). As such, when applying
Step 4 in the next section, it will turn out that G* # G, which is a unique difference
when compared to the other affine diagram algebras discussed previously. Although the
generators e; will agree with their affine versions in G?, the generators t; will not, and
we will introduce new notation 7; to represent their affine versions. One of the reasons
this is done is that it allows us to give a clean presentation comparable to other affine
diagrams algebras. Also, it will allow us to define an action of .A%g on the tensor space
M ® V& which satisfies affinization property 4 (see Theorem 4.24), which would not be
obtainable otherwise. It appears that this is a good choice to make since it will allow
for very natural diagrammtics to come into play, with the new generators 7; having
particularly simple descriptions (see Proposition 4.43).

As for the set of relations R, we picked relations (1) through (5) since they provide a
presentation of the partition algebra (if one removes t5 and all relations involving ¢2).
As for relations (6) through (10), all except (7) are comparable to the relations in [N96,
Section 4] which were chosen as the defining relations for Wy. We included relations
(7) since they appear to be very natural relations when considering the diagrammatics
which will be given in Proposition 4.43, and their inclusion allows us to recover affine
versions of the recursive relations for Enyang’s generators (see Lemma 4.17).

We now complete the proof of the above proposition:

Lemma 4.6. The relations
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(7) (Braid-like relations)
(1) toi—atoitei—o = tojta;—otei(1 — ez 2)

(i) toir1t2i-1t2it1 = toi—1toiv1tei—1(1 — e2;)

(i) to;—1t2itai—1 = to; — e2i—o2ty; — t2€2i 2

(iv) toitoi1to; = to;—1 — eaitai 1 — toi—1€2;
are satisfied in Agg, thus completing the proof of Proposition 4.3.
Proof. We will prove these relations by showing that they hold under the homomorphism
Vor.n given in Theorem 2.58, for all n > 0, and then employ Lemma 2.59. To ease
notation, for any tuple @ = (ay,...,a;) € [n}k, we represent a simple tensor in V&* by
a word in the entries of a, that is a1 ---ay := v4, ® - -+ ® vg,. For each relation we will
have to consider different cases based on the relative values of the entries a;_1, a;, and

a1, although most cases are trivial. Also note that v, (1 — e2;)(@) = €4;,q,,, @ Where
€aj,ais1 = 1 — Oa;,a;11, With dg; 4, the Kronecker Delta.

(7)(i): If a;—1 = a; or a; = a;t+1, then it is easy to check that both to;_ota;te;—2 and
tgitgifztgi(l - 621',2) will act on a by 0. Assume that (473 75 Aj—1 = Q441 then

U (toi—otaitai—2)(a) =y i (t2i—2to;) ((ai—la a;)(ay -+ ai—2)ai—1 - ak)

= n(t2i-2) (@i ai1) (@1, @) (a1 -+ ai2)aga; - ax ) = 0.
Similarly one can show that 1, ;(t2;t2i—at2i(1 — e2;—2))(a) = 0 when a; # a;—1 = ai11.

Lastly assume that a;_1, a;, and a;41 are pairwise distinct, in particular €, 5 = 1 for any
a, be {(Iifl, a;, ai+1}. Then

toit2i—2) ((ai, aiy1)(ar---ai—1)a;- - ak)

= Y k(t2it2i—2) ((az‘, aiv1)(ar - ai—2)a;—q - ak)

= Yk t21)((az 1,0i)(ai, air1)(ar -+ ai—2)ai—1 - ak)
= <(az’7az’—l—l)(ai—l:ai)(aiaai+1)(al ] az— ak)
= ((ai-1, @)@, ais1) (i1, 0) (a1 -+ aio)aio - ay )

= Yy k(t2i—2) ((az‘, ait1)(ai—1,a;)(ar - aji—2)a;_1 - ak)

= i (t2i—2t2;) ((ai—h ai)(ay- - ai—2)ai-1- - ak)
= Y k(t2i—ot2itzi2)(a)

(7)(12) If a; = Qi41 then its clear that both t2¢+1t2i71t2i+1 and t2i71t2i+1t2i71(1 — €2i)
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act on a by 0. Assume that a; # a;+1 and a;—1 € {a;,a;+1}, then

Un i (t2i1t2i—1t2ir1)(@) = Uy p(t2ip1tai—1) ((ai, aiv1)(ar - @i—1)ai410;0542 - ak;)
= €hazs Unk(t2ig1) ((b, ait1)(ai, aiv1)(ar - - ai—1)ba;aips - - - ak)
= €b,a:Eb,a; 11 ((b, a;)(b,a;y1)(ai, aip1)(a1 - -~ ai—1)aibaiyo - - ak)

where b = (a;,a;41)(ai—1). Since a;—1 € {a;, a;41}, we have that €y q,6p4,,, = 0, and so
toit+1toi—1t2;+1 acts on a by 0. Similarly one can check that t2¢_1t2i+1t22‘_1(1 — 62,’) also
acts on a by 0. Lastly assume that a;_1,a;, and a;41 are pairwise distinct. Then

Y i (t2i—1t2ipitai—1(1 — e)) (@) = Y k(toi—1toiritoi—1)(a)
= Uy k(t2i—1t2i41) ((GH, a;)(a1 - a;i—2)0;0;_10i41 - - - ak)

= P i (t2i-1) <(ai—17 aiv1)(@i—1,ai)(a1 -+ Qi—2)a;Q;i410;—1Gi42 - - ak)

= (ai, az‘+1)(a1717 &i+1)(a1717 ai)(al T ai72)ai+1aiaiflai+2 ccAf

= (a;—1,0i)(ai—1,a;41)(ai, air1)(a1 - - - @i—2)0i110G; 1012 - - - Qg
= U k(t2i41) <(ai71, aiv1)(a;, aip1)(ar -+ a;—2)ai 10;-1a;a;42 - ak)
= Uy k(t2ir1t2i-1) ((ai, aiv1)(ar - @i—2)ai—10410;0i42 - - - ak)

= Y i (t2it1t2i—1t2i41)(@)

(7)(iii): Assume a; = a;t1, then it is easy to check that to; — eg;_oto; — ta;€2;_2 acts on
a by 0. Similarly

Y i (t2i—1toitai—1)(@) = €a; 1 a;Vn k(t2i—1t2:) ((aifl, a;)(ay - a;—2)a;a;—1a;11 - ak)

= €a;_1,ais1Eai_1,a;¥nk (t2i-1) <(ai—1, ait1)(ai—1,a;)(ar - aji—2)a;i—10;—1a;41 - - -ak)
=0.
Now assume a; # a;+1 and a;—1 € {a;,ai+1}. Then
Uk (toi — e2i—ata; — taiezi—2)(@) = (1 = 0(a;,a;1)(ar_1),a:) (@i> @it1) (a1 -+~ @i—1)a; - - - ag.
In either case for a;—1 = a; or a;—1 = a1, we have ¥, i (t2; — e2i—ota; — taie2i—2)(a) = 0.

Also, from above we see that ), i (t2i—1t2;t2;—1)(a) = 0 since the factor €4, a;11€a;_1,0;
comes into play. Lastly, assume that a;_1, a;, and a;11 are pairwise distinct, then it is
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easy to check that 1, ;(e2i—2t2;) (@) = ¥y, i (t2ie2i—2)(a) = 0. Also,

U i (t2i—1taitai—1) (@) = ¢y i (t2i—1t2i) ((ai—h a;)(ar - ai—2)a;ai—1Gi11 - - - ak)

= i (t2i1) (@i, @01 (0im1, a5) (a1 - @)z 1z - )
= (aj—1,a;)(ai—1,ai41)(@i—1, a;) (a1 - - aj—2)a;—1 - - - a

= (a;,ai11)(a1- - ai—2)ai—1- - ag

= P i(t2i)(@) = P i (t2i — e2i—ato; — taiezi—2)(a).

(7)(iv): This relation can be proved by analogous computations to (7)(iii) above.
O

4.1.2 Definition and Basic Results of A37

In this section we give the definition of the affine partition algebra Agg by generators
and relations. As mentioned in Chapter 1, the algebra A;g is to play an analogous role
for the partition algebra Asp as that of the degenerate affine Hecke algebra Hj for the
group algebra of the symmetric group &;. We prove some basic properties about Agg
including affinization properties 1 to 3. We also show that H; ® Hy is a quotient. We
will prove a variety of relations in A;g including counterparts to the recursive definition
of both the Jucys-Murphy elements and Enyang’s generators.

It is worth mentioning that the definition for the affine partition algebra A;g given
below is defined as an algebra over the field of complex numbers C. However, one
may easily define this algebra over any commutative ring, and many of the structural
properties would still be upheld. We have chosen to work over C for simplicity, and
to allow the results of Section 4.2 and Section 4.3 to hold concerning the affinization
properties 4 and 5 respectively.

Definition 4.7. Let k € Z>o, we define the affine partition algebra Agg to be the
associative unitial C-algebra with set of generators

{ej,Tixr,z1 | 2<i1<2k—1,1<j<2k—1,r€[2k],l € Z>o}
and defining relations
(1) (Involutions)
(i) 72, =1— ey, fori € [k —1].
(i) 74,1 =1— ey, for i € [k — 1].
(2) (Braid relations)
(1) Toi4172j = T2jToip1 for j #i+ 1.

(i) T2it172j41 = Tojp172it1 for j #i £ 1.

(111) T2iT25 — T25T24 for j # 1+ 1.

86



(iv) $iSi+18i = Si+1S8iSi+1, for i € [k — 2], where s; 1= 10741 + €3;.
(3) (Idempotent relations)
(i) €3, | = z0e9—1 for i € [k].
(ii) €3, = ey for i € [k —1].
(iii) 794162 = €9;Toi+1 = 0 for i € [k — 1].
(v

(vi

)
)
(iv) Toie9; = e9;1o; = 0 for i € [k — 1].
) T2i€2i1€2i41 = Toiy1€2;—1€2;41 for i € [k —1].
) €2i41€2i—1T2;i = €gi+1€2i—1T2i+1 for i € [k — 1],
(4) (Commutation relations)
(i) €i€j = €€, if ‘Z —j’ > 2.
(i

(iii

Toi—1€2j—1 = €2j—1T2i—1, if j # i —1,1.
Toi—1€2 = €2;T2i—1, if Jj # 1.

(iv
(v

(5) (Contractions)

Toi€2j—1 = €2j1T2;, if j # 1,1+ 1.

)
)
)
) Teieaj = ea;Ta;, if § # i — 1.

(i) €i€i+1€; = €; and €i+1€i€i+1 = €41, for ¢ € [27), — 2].
(ii) Tos€2i—17T2i = Toiq1€2i41T2i41, for i € [k — 1].
(iii) T2:€2i—2T2; = T2;—1€2;72;—1, fOI' 2 S 7 S k — 1.
(6) (Affine Commuting Relations)
(i) zsxj = xj; for all 4,5 € [2k]
(i) mxj =ajm for j#i— 14,9+ 1
(ili) ejx; = xje; for j #id,0+1
(7) (Braid-like relations)
(1) Toi—2T2iToi—2 = T2iToi—2T2i(1 — e2i—2).
(1) T2i4172i—172i41 = T2i—1T2i4172i—1(1 — €2;).
(i) 7oi-172iT2i—1 = T2; — €2i—2T2; — T2i€2i—2.
(V) ToiToi—1T2i = Toi—1 — €2iT2i—1 — T2i—1€2;-
(8) (Skein-like Relations)
(1) Toit1 = T2iT2i—1T2i + €2i€2i—1T2; + T2i€2i—1€2; — To;.
(i) T2i42 = T2ir1T2iT2i41 + €2i€2i 41721 1€2i41€2; + T2i41.
(ili) @9; = Toi%2iTo; + €2;€2i—172; + Toi€2i—1€2;-
)

(iV T2i+1 = T2i+1T2i+1T2i+1 + €2i€2+1T2i+1 + T2i+1€2i+1€2;.
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(9) (Anti-symmetry Relations)
(i) ei(x; — xiq1) =0 for i € 2k — 1].
(11) (l‘l — xi_H)ei =0forie [21143 — 1]

(10) (Bubble Relations)

(i) elxllel = ze1, for all [ € N.

(ii) z; is central for all [ € Z>g.

Note we have overloaded the symbols e; and s; as elements in Ay, and Agg, however we
will show shortly that the mapping Asy, — Agg via z — 29, €; — €;, and s; — s; realises
the subalgebra (e;, s;, z0) of A;g as an isomorphic copy of the partition algebra Asy. As
discussed in Remark 4.5, the defining relations above are those present in Proposition
4.3, except where the Jucys-Murphy elements X; have been replaced with the affine
generators x;, Enyang’s generators ¢; have been replaced by new generators 7;, and the
polynomials z(z — 1) have been replaced by central generators z;. Also, it is worth
mentioning that the map Ao, — .Agg given by z — 20, €; — ¢;, and o — T; + eg; does
not realise an algebra homomorphism. This is since 7 is a non-trivial generator in Agg
(as mentioned in Remark 4.5), while o9 is absent in the presentation of Theorem 2.38,
as such the braid relation (E2)(iv) is not respected under such a map. The subalgebra
(i, Tj,20) of Agg is not isomorphic to the partition algebra, and in fact one can show
that this subalgebra is infinite dimensional as an C[zp]-module (see Corollary 4.26).

The Skein-like relations (8) tell us how the affine generators z; interact with the gener-
ators 7; when they do not commute. We interpret these relations as affine partition alge-
bra counterparts to the defining relations y;+1 = s;y;s; +s; of the degenerate affine Hecke
algebra Hj. In the next section we provide a projection of Agg onto a diagram algebra
living within the Heisenberg category. Under this projection the Skein-like relations will
correspond to moving a decoration over crossings. As mentioned in Remark 4.5, we have
also chosen to replace the generators t; with new generators 7;. We will show that these
elements are not needed to generate the algebra, that is Agg = (e, si, T, 21). Hence to
go from Ay to Agg we have indeed just adjoined the new generators X* = {z1, ... 29}
and Waff = {z1 |l € Z>o}. However, as previously discussed, letting the elements 7; play
the role of generators allows us to give a presentation which is more comparable to its
counterparts within the literature.

We begin by showing that the partition algebra is a quotient of the affine partition
algebra. This follows naturally from its construction.

Lemma 4.8. We have a surjective C-algebra homomorphism p : Agg — Asg, given on
the generators by p(7;) = t;, p(e;) = e;, p(x;) = X, and p(z) = z(z — 1)L,

Proof. This follows by Proposition 4.3 and since

Aor = (ti, €5, 2) = (p(73), p(ei), p(20))-
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Similar to the partition algebra, the affine partition algebra has a corresponding anti-
automorphism which fixes the generators.

Lemma 4.9. The mapping * : Agg — Agg which fixes the generators, extended C-
linearly, gives an anti-automorphism.

Proof. All defining relations of Definition 4.7 are symmetric in the generators except
relations (7)(i) and (7)(ii). Thus it is clear that the result holds if we can show that
e2i—9 and To;To;_oTo; commute, and that eo; and 7o;_172;4172;—1 commute. For the former,

T2iT2i—2T2i€2i—2 = T2iT2{—2T2i—1€2iT2i—172
= T2iT2i—1€2{T2i—172;—272;

= €2{—2T2iT2—272;

where the first equaltiy can be deduced from relation (5)(iii) of Definition 4.7, the second
equality follows since 79;_o commutes with 79, 1 and eg;, then the last equality again is
deducable from relation (5)(iii). Showing that eg; and T9;_172;4172;—1 commute follows
in a similar manner.

O]

We now seek to show that Ay, is isomorphic to the subalgebra (s;, e;, z9) of Agg. We
first prove a few helpful relations.

Lemma 4.10. The following relations hold in Agg:

(1) e2ire; = ezieni 172, and Tie0; = Toie2i 162

(ii) e2iz2i41 = egi€2iy172iv1, and Toj11€2; = Toiy1€2i11€2;

(i) egie2i—172i = €2i€2i11T2i+1, and To;e;_1€2; = T2i41€2i+1€2
Proof. (i): Multiplying (8)(iii) of Definition 4.7 on the left by ey; gives

€2iT2; = €2iT2iT2iT2; 1 €2i€2i€2;—1T2; + €2iT2;€2i—1€2; = €2;€2—172;
since eg;7o; = 0 and eg;eq; = eg;. The relation xo;e9; = To;e9;_1€9; follows by *.
(11): Multiplying (8)(iv) of Definition 4.7 on the left by es; gives
€2iT2i4+1 = €2iT2+1T2i+1T2i+1 T €2i€2i€2i+1T2i+1 T €2iT2i+1€2i+1€2i = €2i€2i+1T2i+1

since €2;T2i+1 = 0 and €92,€2; = €9;. The relation T2i+1€2; = T2;+1€2i+1€2; follows by *.
(i1i): By (9)(i), (ii) of Definition 4.7, eajxo; = e€2;T2i+1 and xg;e9; = x2;41€2;. So (i) and
(#) imply (iii).

U

Proposition 4.11. We have a injective C-algebra homomorphism ¢ : Agy, — A;fkf given
on the generators by t(z) = 20, t(8;) = T2iT2i+1 + €2;, and i(e;) = e;.
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Proof. We first prove that ¢ is a homomorphism. To do this we show that each of the
defining relations of Ay given in Theorem 2.33 is respected under ¢. We only check the
relations involving s; since the others are accounted for in the definition of Agg.

(HR1)(i):

L(83) = (ToiTait1+e2) (ToiToir1+eai) = TaiTarq+ea = (1—ea;)(1—eg;)+ea; = 1—2e9;+2e9; = 1

where we used (1), (2)(i), (3)(ii), (3)(iii), and (3)(iv).
(HR1)(ii): This holds by relations (2)(i), (2)(ii), (2)(%ii) and (4).
(HR1)(iii): This is precisely (2)(iv).
(HR2) (iii):

L(€2i8i) = €2i(T2iT2it1 + €2;) = e2; = 1(e2:)
where we used (3)(iii) and (3)(ii). Similarly we have t(s;e2;) = t(e2;).
(HR2)(iv):

L(sie2i—1€2i41) = (T2iT2i+1 + €2i)€2i-1€2i 41
= T2iT2i4+1€2i—1€2i+1 + €21€2;—1€2i+1
= 7—22@'62i—162i+1 + €2i€2i—1€2i+1
= €2{—1€2i+1 — €2{€2;—1€2i+1 + €2;€2;—1€2i11

= egi—1€2i41 = L(€2i-1€2i41)
where the third equality follows from (:3)(v) and the forth from (1)(i). Similarly we have
t(e2i—1€2i+18;) = t(e2i—1€2i+1)-
(HR3)(iv): Follows from commuting relations (4)(i), (4)(ii), and (4)(iv).
(HR3)(v): Follows from commuting relations (4)(i), (4)(iii), and (4)(v).
(HR3)(vi):

t(sie2i—15;) = (T2iToir1 + €2i)e2i—1(T2iT2i11 + €2;)
= T2i4+172i€2i—17T2iT2i+1 T T2i+172i€2i—1€2; + €2;€2;—172;Ta4+1 + €2;
= 7221»“62”17'22”1 + 7'22i+1€2¢+1€21' + €2i€2i+17'22i+1 + e2;
= (1 — eg)eir1(1 — e2;) + eaip1€2i — €2; + exi€2i11 — €2; + €2;
= €241 — €2i€2i+1 — €2+1€2; + €2; + €2i11€2; — €2; + €2;€2i+1
= egit1 = t(e2it1)

where the third equality follows by Lemma 4.10 (iii) and (5)(ii), and the forth from
2
Ty = 1 — e
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(HR3)(vii):

L(sie2i—28i) = (Toiy17T2i + €2i)e2i—2(T2iT2it1 + €2;)
= T2iT2i+1€2i—2T2i+17T2 + T2i+172i€2—2€2; + €21€2;—2T2T2i+1 T €2€2;—2€2;
= 7’21'722@4162@'—27'21' + e2i€2i—2
= T2i€2;—2T2; + €2;€2;—2
= T2;—1€2;T2i—1 T €2i€2;—2

where the third equality follows since 72,11 and eg; commute with eg; o, €3. = eg;, and
€2;T2; = T2;€2; = 0. We also have

L(Si—leQiSi—l) = (TQi—QTQi—l + 621'—2)(3% (TQi—QTQi—l + eQi—Z)

= T2i—1T2i—2€2iT2—2T2i—1 T T2,—172;—2€2;€2;—2 + €2;_2€2;T2;—2T2j—1 + €2;_2€2;€2;_2
7—22'—17—221‘_2627;7_21'—1 + e2i€2i—2
= T2{—1€2{T2j—1 — T2{—1€2{—2€2;T2j—1 + €2;€2;—2

= T2;—1€2;T2—1 + €2;€2;—2

where the third equality follows since 7o;_2 and eg;_o commute with eg;, egi_Q = e9;_2,
and eg;_oT9;_o = Toj_2e9;_2 = 0. The forth equality follows since m;_1e9;_2 = 0. Com-
paring to above, we see that ¢(s;e2;—25;) = t(s;i—1€2;Si—1).

Hence we have shown that ¢ is indeed an algebra homomorphism. For injectivity, note
that pot =id where id : Ao — Ay is the identity morphism. Thus ¢ has a left inverse,

and so is injective.
O

Therefore the partition algebra g is both a subalgebra and quotient of the affine
partition algebra Agg. Also note that restricting * down to the partition algebra co-
incides with the anti-automorphism of flipping a diagram. We now seek to give affine
counterparts to the recursive definition of the Jucys-Murphy elements in Definition 2.3/.

Lemma 4.12. The following relations hold in Agg:
(1) @2i41 = Si%2i—18; + Toi€2; + €22 — Toi—1€2; — To;
(ii) @2it2 = 8iT2i8i — 8iT2i€2; — €2iT2iSi + €2iT2i€2i+1€2; + T2it1
Proof. (i): Multiplying on the left and right of (8)(i) of Definition 4.7 by T2;+1 gives

T2%++1L 24172541 = T24+172iX2i—172iT2i+1 — T2i4+172iT2i+1

(si — e2i)x2i—1(si — e2i) — (si — €2i)T2it1

= 85;T2i—15; — €2;T2i—15; — SiT2i—1€2; + T2+1 — T2i

= 8iT2;—-15; — X2i—1€2; — T2

where, in the first equality we used the fact that 74169, = e9;79;41 = 0, the second
equality we used the substitution 79;79;41 = T2;1172; = S; — e9;, and the last equality we
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used the fact that eg; and x9;—; commute. Now applying (8)(iv) of Definition 4.7 to the
left hand side of above, we obtain

T2i+1 — €2i€2i4+1T2i+1 — T2i+1€2i+1€2; = SiL2i—15; — L2j—1€2; — T24-

By applying Lemma 4.10 (ii) and rearranging, we arrive at (7). Item (7i) is proved in
an analogous manner were we instead employ relations (8)(i) and (8)(%ii) of Definition

4.7.
O

By rearranging the relations in the above lemma in terms of the generators m; and
Toi+1, we immediately obtain the following:

Corollary 4.13. We have that A;g = (€4, S5, Ty 21)i j ol
O

We will now show that H; ® Hy is a quotient of Agg. It is worth mentioning that this
result would not be obtainable if we did not replace Enyang’s generators ¢; with the new
generators 7; when defining Agg.

Proposition 4.14. Let A = (\;){°, be any sequence of constants in C. Then we have
a surjective C-algebra homomorphism f) : Agg — Hi ® Hy, given on the generators by

Ia(mi1) = 8 @1, a(z2i1) = -1 ®y;,
Ia(mi) =1® sy, In(z2) =y ® 1,
Ia(ei) =0, In(z) = N

Proof. We show that each of the defining relations of Agg are upheld under fy. Since
fa(ei) = 0, one may observe that most of the defining relations involving generators e;
are trivially upheld.

(1)(i): fA(r3) = 1@ s)(1@si) =1 @57 =1 = fa(l — ex).

(1)(ii): Similar to (1)(i) above.

(2)(i): For any j # i+ 1, fa(m2it1725) = (si®@1)(1®5;) = (1®s5;)(5i ®1) = fa(7r2572i41)-
(2)(ii): For any j # i+ 1,

f(TQiJrlTQjJrl) = (Si ® 1)(8j ® 1) = 5;8; ® 1= 5;8; ® 1= (Sj ® 1)(SZ ® 1) = f(72j+17-27:+1).

(2)(iii): Similar to (2)(ii) above.
(2)(21)) Noting that fA(Si) = f)\(TQiTQi_H + 622') = f)\(TQi)f)\(TQi_;_l) = 8; ® 8;, then

Ia(8i8i+15i) = SiSit15i @ SiSi+15i = Sit15iSi+1 @ Sit15iSi+1 = [A(Si415iSi+1)-

(6)(i): Follows since y1, ..., y; pairwise commute.
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(6)(ii): Follows since s;y; = y;5; whenever j # 4,1+ 1.
(7)(i):

f>\(7—2i727'2i7—2i72) = 1®s;-18i8i—1 = 1®s8;8;-18; = f>\(7—2i7'21'727—2i) = f>\(7'2i7'2i727—2i(1*62i72))

(7)(i1): Similar to (7)(i).

(7)(“@) f>\(7'2i717'2¢7'2i—1) = 51271 ®si=1®s; = f)\(TZi) = fA(TQi — €2;—2T2; — 7'2i€21'72)-
(7)(iv): Similar to (7)(iii).

(8)(3):

Ia(T2imoi—17T2; + e2i€2i—1T; + Toi€2i—1€2i — T2i) = fa(T2iT2i—172i) — fa(72i)
=(1l®s)(-1oy)(l®s)—-1®s;
=-1®siyisi —1®s;
=-1® i1 — ) —1®s;
=—-1®yin1
= fA(-TziH)

where the fourth equality follows since s;y;8; = y;+1 — S; in Hy.
(8)(ii):
Ia(T2ir122iT2iq1 + €2i€2i41T2i41€2i41€2 + T2i41) = [a(T2i+172im2i41) + fx(T2i41)
=(50)(yel)(si®l)+s5 01
= (siyisi +5) ® 1
=yir1®1
= fa(x2it2)
where the fourth equality follows since y;4+1 = s;4;8; + s; in Hy.
(8)(iii):
Ia(T2ix2iTo; + €2i€2i—1T2i—1 + Toi—1€2i—1€2i) = fa(T2ix2i72:),
= (1®si)(y: ®@1)(1®si),
= fa(w2).

(8)(iv):
SA(T2it1Z2i11T2i1 + €2i€2i41T2i41 + Tait1€2i41€2;) = [A(T2i412T2i4172i41),
= (s ®01)(-1®y)(si®1),

= f)\(x2i+1)-
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(10)(i) and (10)(ii): Immediate.

Thus fx is a homomorphism. Surjectivity follows as (fx(7:), fa(x))ij = Hi ® Hi.
O

Corollary 4.15. The polynomial algebra C[z1, ..., z9;] is a subalgebra of A3f,

Proof. This is equivalent to proving that all monomials in the generators of the subalge-
bra (z1,...,x9) of Agg are linearly independent, which follows since their images under

the algebra homomorphism fy are.
O

To end this section we establish a counterpart to the recursive relations of Enyang’s
generators. To do so, we collect the more technical relations needed into the following
lemma:

Lemma 4.16. The following relations hold in Agg:
(i) ezixaiez; =0

€2iToi—1€2; = 0

€2i—2T2i€2i—2 = 0

€2i—2T2; = €2;_2T2; 28;€2{ 25;

T2i€2i—2 = 5i€2—28;T2;—2€2;—2

T2iT2i—2T2i€2i—2 = €2i—2T2;—28;—1€2;€2{—1€2—2

T2i—1€2i8i—1 = 5i{€2;2€2; 1€2;S; 1T2{—2€2;25;

(Vili) T9iToi_2Toi€2i—2 = €2;_2T2iT2i_2T2;

Proof. (i): We have eg;jzae9; = egjeai_172;€9; = 0, by employing Lemma 4.10 (i) and
Definition 4.7 (3)(iv).

(ii): By rearranging (7)(iv) of Definition 4.7 in terms of 79;_1, we have that
€2iT2i—1€2; = 621‘(7'2@'7%—17'2@' + e2;T2i—1 + 7'2i—1€2i)€2i = €2iT2i—1€2; + €2;T2;—1€2;,

where we used relation eg;79; = 0. Rearranging gives eg;mo;_1e9; = 0. Item (4ii) follows
in a similar manner.

(iv): We have
€2;—2712{—28;€2{—25; = €2;—2T2;—15;€2i—25;
= e2;—2(8iT2i41 — SiT2i€2; — €2iT2; + T2i—1€2; + T2i4+1)€2i—25;
= €2—28iT2i+1€2i—25; — €2;—25;%2;€2{€2,—25; — €2;—2€2;2;€2;—25;
+ €e2i—2T2;—1€2i€2;—25; + €2i—2T2i+1€2;—25;

where the first equality follows from (9)(i) of Definition 4.7, and the second from Lemma
4.12 (i). We examine the five terms above:
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1) e2i—25;T2;11€2;—28; = €2;_25;€2;—2T2+15; = €2;—2€2;T2i+15i,

2) —€2;—25;T2;€2;€2i—25; = —€2;_28;€2;_2%2;€2; = —€2;_2€2;T2;€2; = 0,

4

(1)
(2)
(3) —e2i—oe2iT2i€2i 25; = —€2; 2€2;T2;S; = —€2;_2€2{T2i 115,
(4) e2i—oT2i-1€2€2;—28; = €2;—2T2;i—1€2i—2€2;S; = 0,

(5)

D) €2i 2T2i41€2;—28; = €2; 2T2;1+18; = €2;_2T2;.
Substituting back into the above equation gives es; _ox2;_25;€2;_25; = €9;_2To; as desired.
(v): This follows by applying the anti-automorphism * to (iv).

(vi):

T2iT2i—2T2i€2{—2 = 7-22'7_22'72(Sie2if23ix2if2e2if2)>

T2iT2i—28i—1€245;—172{—2€2;—2,

T2iT2i—1€2i5;—1L2{—2€2{—2,
= T2 (7—21'621'72 T2iT2i—1 ) §i—172{—2€2i—2,

= (1 — egi)e2i—2T2iToi—2%2i—2€2i—2,

€2{—272iT2{—2L2;—2€2{—2;

621‘—272@‘(3721‘—2722‘—2 + €2;3€2;—9 — 621‘—2621‘—3)621'—27

€2;—272i€2;—-3€2;—2,

(€2i—2T2i—28i€2i—25i)€2i—3€2i—2,

= €2{—2X2;—25;-1€2{€2;—-1€2;—2.

The first equality follows by (v), the fourth from (5)(iii) of Definition 4.7, the sixth since
e2iToi = 0, the seventh from (8)(iii) of Definition 4.7, the ninth from 79;_se9;—9 = 0 and
(#3), and the tenth from (v).

(vii):

5i€2{—2€2{—1€2{5;—1L2—2€2{—-28; = §;€2{—2€2{-15;—15;€2{—25;L2;—2€2;—28;

57€2i—25i€2{—3€2;—2L2;—25;€2;—-25;

5;-1€2i€2;—1€2;—222{—25;—1€2;Si—1

= 8§;-1€2i€2;—1€2;—2€2;—17T2;—15;-1€2;5;—1
= 8;-1€2i€2;—172{—2€2;Si—1

= 85{—1€2{€2{—-1€2{T2—1

= 5{—1€2{72i—1

= 5{—1€2{72;—25;—1

= 8;—-172{—26€2;S;—1

= T2i—1€2iSi—1
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where the fourth equality follows from Lemma 4.10 ().
(viii):
TiT2i—2T2i€2i—2 = T2iT2i—2(T2i—1€2iT2i—1T2;)

= Toi(8i-1 — €2i—2)e2iToi— 172

= T2iSi—1€2iT2i—1T2;

= T9;8i€2;—28iS;—1T2i—1T2;

= T2i4+1€2—28;T2—2T2;

= €2i—2T2;T2i—2T2;
where the first equality follows from (5)(iii) of Definition 4.7, the second since s;—1 =
Toi—1T2i—2 + €2i—2, the third since ez;_97m9;-1 = 0, and the sixth since ;41 and eg;—o

commute.

O]

Lemma 4.17. The following relations hold in Agg:

T2 = §j—18iT2;—28iSi—1 + €2;—2%2;-28;€2;—28; + S;€2;—2L2;—25;€2;—2

— €2;—2%2{—28{—1€2{€2;—1€2{—2 — S;€2;—2€2;—1€2;S;—1T2;—2€2;—25;.
and

T2i4+1 = Si—18iT2i—18;Si—1 1 8;€2i—2%2;—25;€2i—25; + €2;—2T2;—25;€2;—2

— 8j€2{—2X2;—25{—-1€2{€2{—-1€2;—2 — €2;-2€2;1€2{5;-1L2;—2€2;—25;.

Proof. We prove the first relation, the second follows from by multiplying on the left by
s;. We have that

8iT2i—28;i = (T2iT2it1 + €2i)T2i—2(T2i+172i + €2;)
2
= T2iT3i41T2i—2T2 + T2i—2€2;

= T2iT2i—2T2i + T2i—2€2;

where the second equality follows since ;o commutes with 79,41 and eg;19; = T9;e9; = 0.
Substituting the above we get

8i—18iT2i—25iSi—1 = Si—1T2iT2i—27T2iSi—1 + T2i—1€2iSi—1. (4.5)
For the first term in equation (10) we have

8i—172iT2i—272iSi—1 = 3i—1(7—2z’—27_2i7—2i—2 + 7_22'7—27;—27_21'622'—2)31'—1
= T2i—1T2iT2i—1 + Si—172iT2i—2T2{€2i—2
= T2i—1T2iT2i—1 + T2iT2i—272;€2;—2

= T2; — €2{—27T2 — T2i€2i—2 + T2iT2j—272;€2;—2
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where the first equality follows by (7)(i) of Definition 4.7, the second from s;_179;—2 =
T9i—28i—1 = Tai—1, the third from Lemma 4.16 (viii), and the fourth from (7)(iii) of
Definition 4.7. Substituting this back into equation (10), and rearranging yields

T2i = Si—18iT2i—25iSi—1 + €2;—2T2; + T2;€2;—2 — T2iT2;—2T2i€2;—2 — T2;—1€2;S;—1.

The desired relation is obtained by applying relations (iv) to (vii) of Lemma 4.16.
]

In summary this subsection has proved that the affine partition algebra Agg satisfies
the affinization properties 1 to 3. We summarises this as a theorem for readablilty
purposes, and to stress that the definition of the affine partition algebra Agg presented
in Definition 4.7 has indeed given us something non-trivial with desirable structural
properties.

Theorem 4.18. The affine partition algebra .A%g presented in Definition 4.7 satisfies
affinization properties 1 to 3.

Proof. Affinization property 1 is satisfied by Proposition 4.11 and Corollary 4.15. Affiniza-
tion property 2 is satisfied by comparing Definition 4.7 with Proposition 4.3, and noting
that the recursive relations for the Jucys-Murphy elements and Enyang’s generators have
counterparts in A;g by Lemma 4.12 and Lemma 4.16 respectively. Affinization property
3 is satisfied by Lemma 4.8.

O

4.1.3 A Central Subalgebra

In this section we describe a collection of central elements of Agg, and as a result we
give a proof of Theorem 3.5 stated in the previous chapter. We end the section with a
conjecture describing the center of Agg.

We begin by proving relations which resemble the relations s;y;+1 = yis; + 1 in Hy.

Lemma 4.19. The following relations hold:
(1) Toiwoi41 = Toi—17T2i + e2i—1€2; — 1.
(ii)

(iil) Toiw2; = T2iT2i + €2i—1€2i — €2i€2i—1.

(iV) Toip1T2i41 = T2i4172i4+1 — €2i€2i41 + €2i41€2;-

T2i41T2i+2 = T2T2i+1 — €2i€2;+1 + L.

Proof. (i): Multiplying (8)(i) of Definition 4.7 on the left by 19; gives

2 2 2

T2iT2i4+1 = To;L2i—1T2 + T2i€2i€2i—1T2; + T9;€2;—1€2; — To;
= (1 — egi)r2i—172i + (1 — e2;)eai—1€2; — (1 — e2;)
= T9;_1T2 + T2;—1€2;T2; + €2;—1€2; — €2; — 1 + ea;

= X9j_1T2; + €2i—1€9; — 1
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where the second equality follows as 73,

T9;—1 and eg; commute.

(i1): Multiplying (8)(ii) of Definition 4.7 on the left by 79,41 gives

= 1 — e9; and t9;e9; = 0, and the third since

T2i41L2i42 = 722i+1$2z‘7'21;+1 T+ T2i41€2i€2i4172i+1€2i4+1€2; + 7'22i+1
= (1 — e2i)w2im2ip1 + 1 — ey
= T2iToi+1 — €2iT2iT2i+1 + 1 — €;
= T2iToi+1 — €2X2i+1T2i+1 + 1 — €24
= X2iT2+1 — €2i€2i—1T22i+1 +1—ey;
= T2iT2i41 — €2i€2i—1 +e2; + 1 — ey
= T2;T2i+1 — €2i€2i—1 + 1
where the second equality follows since 79,4162, = 0 and 7'222- 1 = 1 — ey, the fourth

equality follows since eg;z9; = e2;x2;11, and the fifth equality follows since eg;z9; =
€2;€2;—172i+1 (by Lemma 4.10 (ii) and (iii)).

(#1): Multiplying (8)(iii) of Definition 4.7 on the left by 7o; gives

T2iX2i = 7'22@-56%7'21' + Toi€2i€2i—1T2; + 7'221-621‘—1621‘

= (1 — egi)waima; + (1 — e2;)ezi—1e2;

= X2iT2; — €2iX2iT2; + €2;—1€2; — €2;

= T2;T2; — 621'621;71722@‘ + egi—1€2; — €2;

= T9;To; — €2;€2;—1 + €2; + €2;_1€2; — €2;

= X2iT2; — €2i€2i—1 + €2,—1€2;
where the second equality follows since 7o;e9; = 0 and 7'222- 41 = 1 — ez, and the fourth
equality follows since eg;xa; = eg;e2;—172; (by Lemma 4.10 (i)).

(iv): Multiplying (8)(iv) of Definition 4.7 on the left by 79,41 gives

T2i+1%2i+1 = 7'22i+1962z'+17'2i+1 + T2i4+1€2i€2i+1T2i+1 + 722¢+1€2i+1€2i
= (1 — e2i)w2i4172i41 + (1 — e2;)eziq1€2;
= T2i4+1T2i+1 — €2iT2i+1T2i+1 T €2i+1€2; — €2;
= T2i4+1T2i+1 — €2i€2i+1722,~+1 + e2i41€2; — €2;
= X2iT9; — €2i€2i41 + €2; + €2;11€2; — €2;
= X2iT2; — €2i€2i+1 + €2i4+1€2;
where the second equality follows since 79;41€2; = 0 and 7'221‘ 11 =1— ey, and the fourth

equality follows since eg;x2;11 = €g;€2;+172i+1 (by Lemma 4.10 (ii)).
a

Lemma 4.20. For any n > 1, the following relations hold:
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) B b
() mixh g =ah 7T+ . w9 q(esi-rez — 1)wy; .
a+b=n—1
a,b>0

.o _ b
(11) Tgil‘% = xgiTzi + Z xgi(e%_legi — €2i€2i_1)x2i.
a+b=n—1
a,b>0

P _ b
(iii) moip128;,0 = o1 + D, 28, (—exezitr + 1)xs, .
a+b=n—1
a,b>0

. B b
(iv) Toip1@h, = ThiToiv1 + Do TG (—e2eip1 + eaip162:) T, -

Proof. This follows from Lemma 4.19 by induction on n.
O

We now use the above lemma to prove that a family of polynomials in the affine
generators are central. For any n € N define

Pn = Pn(®1, .., Top) = + X5 + o+ o1 — (2 + XY 4+ 1) (4.6)

which belongs to the polynomial algebra C[z1, ..., z9] in 2k commuting variables. Com-
paring to the supersymmetric power sum polynomials g, of Definition 3.2, we have that

pn('xla X2y .y X2k—1, _ka) = Qn(l“la “e ,Q?Qk).
We also denote by p,, the corresponding polynomial in the affine generators x; of A%g.
Proposition 4.21. The polynomial p,, is central in Agg for each n € N.

Proof. We simply show that each generator of Agg commutes with p,. It is immediate
that the generators z; and x; commute with p,, by (10)(ii) and (6)(i) of Definition 4.7.
Let [—, —] denote the commutator bracket.

For the generators es; we have
[pn, €2i] = (—2%; + b1 )ea; — eai(—ay; + b)) = (—a3; + ah;)ea — eai(—ah; + x3;) = 0,

where the first equality follows from the commuting relation (6)(iii) of Definition 4.7,
and the second equality follows since T2i+1€2; = T2;€24 and €2;T2+1 = €2;T2; by (.9)(7,’&)
and (9)(i) of Definition 4.7. Similarly we have [py, e2;—1] = 0.

For the generator 79;, the commuting relation (6)(ii) of Definition 4.7 tells us that
(726, Pn] = T2y — @ + 25;1) — (891 — 2 + 25;41) 72

By acting on relation (i) of Lemma 4.20 by the anti-automorphism #, and rearranging,
we obtain

n n a b
T2iX2i—1 = L944172i — E 5U2i+1(€2i€2i—1 - 1)332i—1-
a+b=n—1
a,b>0
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Employing this and relations (i) and (ii) of Lemma 4.20, we have

n n n _ n n n . a . . b
Toi(Th_1 — Ty + Thiyy) = (Th;_q — T + 5,11 )Tei + E r9;_q(e2i—1e2; — 1)x3; 4

a+b=n—1
a,b>0
a ) ) . b a o 1l
- x5;(e2i—1€2; — €2i€2i—1)Ty; — x2i+1(621621—1 —1)x3; 4
a+b=n—1 a+b=n—1
a,b>0 a,b>0

Hence showing that [79;,pn] = 0 is equivalent to showing that the three summations
above sum to zero. This follows by changing the second summation accordingly:

a b a b a b
- E $2i(€2z’—1€2z’ - 621'621'—1)5321' = - E XL9;€2i—1€2iLg; — L9;€2{€2;-1TL9;
a+b=n—1 a+b=n—1
a,b>0 a,b>0

== > 3 e rexrhy — a8 esen 125 )
a+b=n—1
a,b>0
by repeat application of relations (9)(i) and (9)(ii) of Definition 4.7. One shows
[T2i+1, Pn] = 0 analogously.
O

Recall Theorem 3.5 in the previous chapter which stated that the supersymmetric
polynomials in the normalised Jucys-Murphy elements are central in Ay (z). The above
result allows us to prove such a theorem.

Proof of Theorem 3.5. Since p : Agg — Ao, of Lemma 4.8 is surjective and p(x;) = X;,
then Proposition 4.21 tells us that the polynomials p, (X1, ..., Xox) belong to the center
of Agg(z), hence

<pn(X1,...,X2k),Z ’ n > 1> - Z(Agk(z)) (47)

By Theorem 3.4, the subalgebra SSym[NNy, ..., Noi| is generated by the supersymmetric
powersum polynomials ¢, (N1, ..., Nog). Comparing Definition 4.1 with the normalisa-
tion of N; given in Fquation (3.1), we have

:_1-X;, ifiodd,
N; = o .
X;—35+4+1, ifieven.
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Let h := Z — 1, thus we have that

k

(N1, Nop) =D (h— Xai 1) e Z (Xa; — h)"
=1

n k
= Z Z(_ mhn mX?l 1+ n+1 Z Z n mhn—mX'gr;L

m=0 i=1 m=0 i=1

_ Z Zhn m mX2z 1+( 1)2n—m+ngiz)

m=0 i=1

_Zhn m pn(X17"'7X2k)

where the fourth equality follows since (—1)?"=™*+! = (—1)™*! for any 0 < m < n. Thus
we have shown that ¢,(Ni,..., Nog) € (pn(X1,...,Xok),2 | n > 1), and so the result
follows from Theorem 3.4 and Equation (4.7).

O

Comparing the centers of other affine counterparts to diagram algebras, see for exam-
ple [N96, Corollary 4.10] and [DVR11, Theorem 4.2], we have a natural conjecture for
the center of A3T

Conjecture 4.22. Z(A) = (2, p, | I,n € Zxo).

4.2 Extending Schur-Weyl Duality

Recall Section 2.2.4, in particular the epimorphism Woy ,, : Agx(n) — Endg, (VEF) given

in Theorem 2.58. In this section we seek to generalise this action to one of .A%g onto

the tensor space M ® V®* where M is any C&,-module, hence give an affine partition

algebra counterpart to Theorem 2.27 for the degenerate affine Hecke algebra Hji. We

end the section by showing that the C[zg]-subalgebra of A generated by the elements

e; and 7; is of infinite rank over C|zp], which we remarked on earlier within this chapter.
We begin by describing some elements of the group algebra C&,,.

Definition 4.23. For any b € [n] let

Tn,b = Z (a7 b)a

ag[n]\{b}

the sum of transpositions which act on b non-trivially. Moreover, for any [ € Z> let

Z= 31

ben]

the [-power sum in the elements T}, ; as b runs from 1 to n, where Z,, g = n.
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One can check that 775, = T}, )7 for any ™ € &, and hence see that Z,; belongs
to the center Z(CGS,,).

Theorem 4.24. Let k,n € Z>¢, and A be as in Definition 4.7. Let V- = C™ the natural
representation for CS,,, and let M be any C&,-module with basis {m; | i € I'} where I
is some (possibly infinite) indexing set. Then we have a C-algebra homomorphism

wgﬁfn AT Endg, (M ® V)

defined on the generators by

\Ilgk 7)1(621'*1) (Mag ® va) Zmao @ Vay @+ Q@ Vg @V Vg y @ & Vgy,

‘I’%,)l( )(mao ® va) = 5ai7ai+lmao ® Va,

M
\I/;JM)L( i) (Mag ® va) = 5a17a1+1(azv Ait1)(Mag ® Vgy @ +++ @ Vg;_,) @ Vg; @ *** @ Vg,

M
\I]gk77)1(7-27:+1)(m00 ® UG) = €&¢,a¢+1 (a’ia ai+1)(ma0 ® Ual ® te ® Uai+1) ® Uai+2 ® e ® /Uak,

n

M
W) (22i21) (Mg © va) = 3 (0,0:) (Mg © vy @+ @ Va,_,) @ Vg, @+ @ Ve
bZa,

n

M
\Il;k,w)z(x%)(mao ® Ua) = Z (bv ai)<ma0 ® Vg @+ & Uai) ® Va,; i1 X+ Q Vg,
bza,

M
U5') (20)(May ® Va) = (ZngMMay) © va,

for all ap € I and a = (ay,...,a;) € [n]¥, extended C-linearly across M ® V¥ and
where €, = 1 — d4 with 43 the Kronecker Delta.

Proof. This can been shown by direct computations, much of which are fairly simple
but lengthy. To ease notation, for any tuple a = (ag, a1, ...,ax) € I X [n]k, we represent
a simple tensor in M @ V®* by a itself, or a word in the entries of a, that is to say we
write

a = apay...ag = Mgy ® Vg Q- X Vg, .

We begin by showing that \I/;J,‘C/I% is well-defined, that is to confirm that the endomor-
phisms in the image commute with the diagonal action of &,. We do this by showing
for any ™ € &, that W\I/g]]‘ji(g)ﬂ*I = \Ilg]]y%(g) for each generator g of A3

Note that the endomorphisms \Ilg],:[%(ez) act trivially on the M component of M @V @k,
and hence their action of V&* is given by Wy n(e;) as described in (1) of Theorem 2.58.

As such it is clear that 7\11(2];/‘[) (e))m™ 1 = \I/g],ﬂ(ez) for any m € &,,.

,n
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For the generators 7y;, given any a € I x [n]* we have

”‘l’gl.\fr)z(Tzz')ﬁ_l(a) = w\I'g],fT)L(TQz‘) (Tr_l(aoal . ak))

= 6a,-,ai+17r<(7r_1(ai), W_l(aiﬂ))ﬂ_l(aoal ... ai_l)ﬂ_l(ai .. ak))

= Eai’a#lﬂ(ﬂ'il(ai), Wﬁl(aﬂ_l))ﬂ'il(agal e @i—1)ag ...
= Eaivai+1 (ai, ai+1)(a0a1 e ai_l)ai LA

—_gWM)
= Wy, ,(T2i)(a)

ti - 0 how U5 (r; )7t = W 1)
NOtING Er-1(a,) r—1(a;1) = Canarr- One can show wWo - (T2i41)7 " = Wopn(72i41) in a
similar manner.

k

For the generators zg;_1, given any a € I x [n]|® we have

W‘llg]l:,[%@zi—l)ﬂ_l(a) = W\I’g]g,)l(l?i—l) (W‘l(aoal . ak)>

= Z (b, ﬁfl(ai))wfl(aoal e @i—1)ag ... Ak
be(n]
b#T (a:)
= Z (m(b),a;)(apay - ..a;i—1)a;...ag
be(n]
b#m* (a:)
= Z (b/, ai)(aoal . ai_l)ai oA = \I/é]gT)L({lfgi_l)(a)
b’ €ln]
b'#a;

by the substitution ' = 7 (b). One can show TI'\I/(M) X9 )Tt = Wop  (T2;) similarly.
2k,n k]

Lastly 7r\IJ;]/,;/[2L(zl)7r*1 = Wy, n(2) can be seen since Z,,; are central in C&,,.

One now needs to confirm that the defining relations of Agg in Definition 4.7 are upheld
under \117(%) As mentioned, these can be shown by direct, but lengthy computations.
With this in mind, we will only give details to some of the more difficult relations,
namely relations (8) through (10). Note that the Braid-like relations (7) follow in an
analogous manner to the proof of Lemma 4.6 as the M component does not complicate

the argument.

(8)(i): We seek to show that

(M) (M)
\I’2k7n(x2i+1) = ‘1’2k7n(7'2i$21717'2i + eie2i—172; + Toi€2i—1€2; — T2i).
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To show this we examine how each term on the hand right side acts on the simple tensor
a, and show that the sum recovers the action of x9;41. It proves easier to do this by
tackling two cases, when a; # a;+1 and when a; = a;41.

(Case 1): Assume a; # ajt+1, then for the first term we have

Wopn(T2i22i—172i) (@) = Vop 5 (T2i02i—1) ((az’, aiv1)(aoas ... ai—1)a; ... ak)

= \IIQk’n(TQi) Z (b, ai)(ai, ai+1)(a0a1 e ai,l)ai .. ag

be[n]
b#a;
= Z (ai, CLZ'_H)(b, ai)(ai, ai+1)(a0a1 c. ai_l)ai ... ag
be[n]
b#a;
= ((ai, a7;+1)(b), ai+1)(aoa1 NN ai_l)ai oL ag
be(n)
b#a;
== Z (C, ai+1)(a0a1 e ai,l)ai .. ag
c€[n]
CcFait1
= Z (C, ai+1)(a0a1 . ai)ai+1 o.ap + (ai, ai+1)(aoa1 ‘o ai_l)ai oo ag
c€n]
cFait1
- (al-, ai+1)(a0a1 e ai)ai+1 ... ag
M M
= \I/ékﬂ)l(‘%'%_;,_l)(a) + \Ijgk,ZL(TQi)(G) — (ai, ai+1)(a0a1 @)t - O

where we employed the substitution ¢ = (a;, a;+1)(b). For the second term,
‘I’gl\ﬁ(eziequzi)(a) = \I’g]gi(e%emfl) ((ai, aiy1)(aoar ... a;i—1)a; .. -ak)
n
= \I';]li{%(‘f?l) <Z((Zi, ai+1)(aoa1 e ai_l)baH_l e ak>

b=1

= (as, ai+1)(ao1 . .. G;—1)Ai1Gi41 - - - Qg

= (CLZ‘, ai+1)(aoa1 e ai)aiH ... ag.
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For the third term \Ifg,‘fgl(miezi_lezi)(a) = 0 since a; # a;4+1. Thus collectively,

(M)
‘I’Qk,n(ﬁz‘w%—ﬂm + egie2i_1T2; + Toie2i—1€2; — T2;) (@)

= ‘I’%BL(Tm@Fle')(CL) + \I’g,\f,{(emezz‘fﬂ%)(a) + ‘I'%,)L(me%qem)(a) - \Iféﬂ(m)(a)
= \I'%%(xgiﬂ)(a) + @5%7)1(7'2,)((1,) — (ai, ai_i_l)(aoal e ai)ai_i_l oAk

+ (ai, a,,;+1)(aoa1 . ai)aiﬂ o Qp — \Ilg]‘c/{%(m)(a)
M
= U5 (w2i11)(a).
(Case 2): Assume a; = a;+1. Then \Iléjll/{%(mi)(a) =0, and so

(M) (M)
W (T2i2i-172i + €2i€2i—1T2i + Toi€2i-1€2; — Toi) = ‘I’2k7n(7'2i62i—162i)-

Hence we just need to confirm that \I/gk‘fql(lji_i_l)(a) = \I/é%%(’fgiegi_legi)(a). Well,
n
M M
\I’ng)L(TQieQi,leQi)(a) = \I’gkﬂ)l(TQi) (Z apaq ... ai,lbaHl e ak.>
b=1
n
== Z(b, ai+1)(aoa1 e a,,;_l)baz-ﬂ .. ag
b=1

= Z(b, ai+1)(aoa1 Ce ai)ai_H Loeap = \Ijg]]l/{g($21+1)(a)
b=1

The remaining Skein-like relations follow by employing similar arguments.

(9)(i): We seek to show \Iiglyz(em) = q’gjly%(eiﬂfi_i_l). We show this first when working

with eg;, then with eo; 1. Assume a; # a;+1, then

W) (eaiwa)(a) = W) (i) | S (b, ai)(agar ... ai)aiss .. ax
b=1
b#a;

= (ai, ai+1)(a0a1 . ai)ai_H oA,

\I/é]]‘c{i(egixgi+1)(a) = \I/;]:’[?)L(GQZ) Z (b, ai+1)(a0a1 . ai)aiﬂ .. ag
b=
biaii—l

= (az-, ai+1)(aoa1 e ai)aiﬂ Qg
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When a; = a;4+1 one can check that \Ifg]g,)l(egixgi)(a) = \I’éﬁg(egimﬂ)(a) =0, and thus

we have \I'gfr)b(egixm) = \I’g’y%(eziCCQi_i_l). For odd indices we have

‘1/%,)1(621‘—196%—1)( ) \I/éf%(egi_l) Z (b, ai)(aoal . ai_l)ai ... A
bb;ali
n
= Z Z (b, ai)(aoal PN ai_l)caﬂ_l Qe
c=1 b=1
b#a;

\I/ék i(egi_lwgi)(a) = \I/g];/’[%(egi_l) Z(b, ai)(aoal . ai)ai“ o ag

b=1
b#a;
n
= Z Z(b, ai)(aoal . ai_l)caiH Qg
c=1 b=1

b#a;

Thus \I/g,\fi(em) = \I/g],:[% (e;xi+1)- Relation (9)(ii) may be shown in a similar manner.

(10)(i):
\Ifg],;/’[%(elxllel)( ) = an (erzh) <Z agbas . . > \I/ng)L( 1) (Z(T,lhbag)bag . ..ak)

b=1
n

- Z (Z Tl baO) <A = Z (Zn,lao) cas .. .ag
c=1 \b=1

c=1

= ‘ll%n 1) (Z apcas . ak> = ‘I’g/:ﬁ(zl) <\Ilé%%(el)(aoa1a2 e ak)>

= 05! (ze1)(a).

Lastly relation (10)(%) is simple to check since Z,; belongs to the center of CS&,,.
O

Remark 4.25. When one takes M = V®™  for some m > 1, then the image of \Ilg‘,gim)

belongs to Endgn(V®(k+m)). By comparing the actions of the affine generators x; and
the generators 7; to that described in Proposition 2.61 and Proposition 2.60, then one
can see that

®m ®m
\I’S;;n Nwai1) = 2k,n (Xo(i4m)—1), \I’Sgn (1) = Wor n(t2(i4rm)—1)s

v
yem Vem
‘ljék,n )(x2l) = \PQk,n(XQ(i—‘rm))v \Ijgk;,n )(7-21') = ‘IIQk,n(t2(i+m))'
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Hence the action \Ilg,:[z has extended the action of the Jucys-Murphy elements and

Enyang’s generators onto the M component in a manner comparable to the situation
of the degenerate affine Hecke algebra Hj in the classical Schur-Weyl duality. When
n > 2(k + m) then by (3) of Theorem 2.58 we know that

Ag(ksmy(n) = Endg, (VEFT™)

and hence \I/;‘,;im) sends x2;—1 + Xop(iym)—1 and Tai—1 = ty(iym)—1, and similarly for
the even indexed generators of the same kind. Thus we obtain a homomorphism Agg —
Ao(kym)(n) analogous to pm @ Hp — C&pyyy given in Lemma 2.24. Under such a
homomorphism, the central generators z; get send to central elements in Ay similar to

the ones examined in [Enyl3, Equation 6.3].

Corollary 4.26. The C[z]-subalgebra of Agg generated by
{riej |2<i<2k—-1,j€2k—-1]}
has infinite rank over Clzp].

Proof. Set dp, := xz7"eze; for all m € N. We first show that d,, € (7;,e;) by induction
on m. By Lemma 4.10 (i) we see that eazo € (73, ;). Then multiplying on the right by
e1 yeilds eawoe; = eaxie; = wiege; = dp, where the first equality follows from (9)(ii) of
Definition 4.7, and the second from (6)(iii). Thus we have the base case di € (7, e;).
Assume d,,y € (73, ¢e;) for all m’ < m with m > 2, we seek to show that d,,, € (7, ¢;).
Well we have that

m—1 m—1 m—1 m
dm—172e1 = X' "eze1mer = x| eaxge; = x| eax1e1 = Ty ege1 = dp,

where the second equality follows from Lemma 4.10 (i), and the remaining equalities
follow in the same manner as the base case. Hence d,,, € (7, e;) completing induction.
We now seek to show that the set {d,, | m € N} is C[zq]-linearly independent in A3¥,
which will complete the proof. Given any finite subset I C N assume

> hin(z0)dm = 0,

mel

where h,,(2) are polynomials in C[zg]. We seek to show that h,,(z¢) = 0 for each m € I.
Let M € I be the maximal element, and let R be the set of roots for each hy,(29). Pick
an n € N such that n > M + 1 and n ¢ R. Let F be any free C&,-module. For any
non-zero f € F and (a1,...,a;) € [n]¥, we have

F
\I’ék)n(dm)(f X Vg DVgy -+ & Uak) = (Tg?azf) X Vay @ Vag & Vgy &« -+ @ Vg,

Since F is free, it will follow that the set {\Ilgl,:)n(dm) | m € I} is linearly independent in

Ends, (F ® V) if the set {T}7%,, | m € I} is linearly independent in C&,,. This follows
since n > M + 1, and hence T}, contains a permutation consisting of a single cycle of
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size m + 1, while all permutations in Tfl”ag must have smaller support whenever m’ < m.
Now consider the equation

2kn<zh z0)d ) Zh \I/gind)_o.

mel mel

Since n is not a root of any h,n,(z0), and the set {lb,g?(dm) | m € I} is linearly indepen-
dent, we must have that h,(z9) = 0 for each m € I.
O

4.3 The Heisenberg Category

4.3.1 Definition and Known Results

In this section we recall the definition of the Heisenberg category Heis first defined in
[Khol4]. The morphisms in Heis are defined diagrammatically, with the composition
given by diagram concatenation. We will present some known results regarding this
category which will be helpful for later sections, namely we recall a basis for the morphism
spaces, describe certain local relations involving decorations in the diagrammatics, and
how the degenerate affine Hecke algebra appears in a certain endomorphism algebra.

The Heisenberg category Heis is a C-linear monoidal category whose objects are gen-
erated by the two objects T and |. We will often use juxtaposition to denote the tensor
product of objects, and the monoidal identity object is the empty word (). Hence we view
the free monoid (T, |) as the set of objects in Heis. We require some setup to describe the
morphism spaces in Heis. Firstly, we will be working in the planar strip R x [0, 1] with
boundary B := Rx {1} UR x {0}. We call an oriented immersion of the interval [0, 1] and
circle S! a string and loop respectively. We denote orientations by drawing an arrow on
the curve. For any n, m > 0, we consider the set of points E(n,m) := [n] x{1}U[m]x {0}
which belong to the boundary B.

Definition 4.27. For any n,m >0leta =a;---a, and b = by - - - by, for a;,b; € {1, 1},
be objects in (1,]). Colouring the points (i,1) and (j,0) of E(n,m) by the symbols a;
and b; respectively, we say a set partition of E(n,m) into pairs is an (a, b)-matching if
pairs of points in the same row are coloured by opposite arrows, while pairs of points in
different rows are coloured by the same arrow.

Definition 4.28. For any n,m > 0leta =aj---a, and b = by - - - by, for a;,b; € {1,]},
be objects in (1,]). We define an (a, b)-diagram to be a finite collection of strings and
loops, modulo boundary preserving isotopies, such that the following are upheld:

(D1) The endpoints of the strings induce an (a, b)-matching on E(n,m),

(D2) There are only finitely many points of intersection, and no triple or tangential
intersections occur,
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(D3) The boundary B does not intersect any loops, and only intersects strings at the
endpoints E(n,m).

Example 4.29. Let a =] 1,b =1/ 1€ (1,]), then

is a (@, b)-diagram. Isotopic deformation of the interior of R x [0, 1] is allowed, and will
preserve the relative structure of the ten points of intersection.

If a loop contains no self-intersections we call it a bubble. Bubbles can have clockwise
or anti-clockwise orientation. If the endpoints of a string occur in different rows we call
it a wvertical string, and it has either a down or up orientation. If the endpoints belong
to the same row then we call it an arc. Non self-intersecting arcs have either a clockwise
or anti-clockwise orientation. In the above example there are two loops, one of which
is a bubble, and four strings, three of which are vertical and one an arc. We call an
endpoint of a string a source if the arrow of orientation points away from it, and a target
otherwise.

Definition 4.30. For n,m > 0,let a =ay---a, and b = by - - - by, for a;,b; € {1,1}, be
objects in (7,]). The space of morphisms Hompeis(a, b) is the C-vector space generated
by the (a, b)-diagrams modulo the following local relations:

(H1)
(H2)

(H3)

(H4)

where relation (H1) holds regardless of the orientations.
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To apply such a local relation to an (a, b)-diagram one locates a disk which is isotopic
to one of the disks above, then replace such a disk according to the corresponding
equation. Note that any of the local relations may be rotated in any way to give an
equivalent relation. Relation (H1) tells us that any curve may pass over a crossing, and
relations (H2) and (H3) tells us how to pull part orientated curves, where (H3) shows
that this can not always be done for free. Relation (H4) tells us that left curls annihilate
(a, b)-diagrams, and that any anti-clockwise bubble may be removed for free.

The composition of morphisms is vertical concatenation of diagrams, and rescaling
(and extending C-linearly). We denote composition by juxtaposition of symbols. When
a = b we write a-diagram instead of (a, a)-diagram. The morphism space Endpeis(a) is
a C-algebra with identity given by the diagram of non-intersecting vertical strings.

Now for later use, we collect some relations regarding arbitrary (a,b)-diagrams. The
following local relation follows from (H2) and (H3), see also [LS21, (3.5)]:

Lemma 4.31. Clockwise bubbles satisfy the commuting relation

11O=0T1 1|

Although left curls annihilate diagrams, right curls do not, and they play an important
role in the diagrammatics. We will represent right curls by a decoration, and label such
decorations with weights to denote multiplicity:

O

— - ;}ltimes_

Lemma 4.32. The following two local relations hold:
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Proof. For the first relation we have that
T

i " | E by (H1) and (H2)
= L | | by (H2)
= +

e e

The second relation follows in a similar manner.

g

Note that the first relation in the above lemma is comparable to the local relation
described in Equation (2.6) for the degenerate affine Hecke algebra. In fact the degen-
erate affine Hecke algebras appear within the endomorphism algebras of certain objects
in Heis. For the following result see [Khol4, Proposition 4].

Proposition 4.33. Let C[zg, 21,...]| be the polynomial C-algebra in countably many
commuting variables z;. For k£ > 0 we have an isomorphism of algebras

Endheis(19%) = Clz0, 21, .. .] ® H.
O

Remark 4.34. Under this isomorphism the variables z; are acting as clockwise bubbles
with [ decorations on then. The affine generators and permutations of H; corresponding
to decorated permutation diagrams as discussed at the end of Section 2.1.7, with the
exception that the labelling of the vertices 1,2, ...,k in both rows has been reverse when
going from Hj, into Endpeis(1€%).

We end this section by recalling a basis for the morphism spaces Hompyeis(a, b) pre-
sented in [Khol4]. We first introduce a few definitions to help us describe this basis in
a manner which will lend itself better for later results.
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Definition 4.35. For a,b € (1,]), we say an (a,b)-diagram is simple if it contains no
loops, no self-intersections, and two strings intersect at most once. Let Sim(a, b) denote
the set of simple (a, b)-diagrams, and write Sim(a) for Sim(a, a).

Given words a,b € (1,]), let b* denote the word obtained from b by replacing up
arrows with down arrows, and down arrows with up arrows. Let u equal the number of
up arrows appearing in @ and b*, and d the number of a down arrows. Then by (D1)
of Definition /.28, one can deduce that Homyeis(a, b) is non-empty if and only if u = d.
In this situation we have that |Sim(a, b)| = u!, since there is one simple (a, b)-diagram
for every (a,b)-matching. Such a correspondence is given by reading the pairings of
endpoints formed from the strings of a simple diagram.

Example 4.36. Consider a =1 and b =|11]. The 6 = 3! simple (a, b)-diagrams are

XA TS5 oo,

These diagrams are in a one-to-one correspondence with the (a, b)-matchings of the set
of endpoints E(2,4) = {(i,1),(4,0) | ¢ € [2],5 € [4]}, were we read off the endpoints of
the strings. For example we have the correspondence

e {0,200 12,1),(1,0)1,{3.0), (4,0} }.

The basis for Homyeis(a, b) we describe below is obtained by adding decorations (right
curls) and decorated clockwise loops to all the simple (a,b)-diagrams in a particular
manner. We describe this by introducing some basic diagrams and using the composition
of diagrams.

Definition 4.37. Let a =a;---a, € (1,]) for a; € {1,1}. Fori € [n] and | € Z>¢ set

ay a;—1 a; Gi+1 Qp, a Qan

‘ + ‘ ‘ , and q = o ‘
l

which are a-diagrams. The orientations of the strings are taken to match a. Although
both r; and ¢; depend on a, we surpress this fact as it should be clear from context.

Definition 4.38. Given any @ = a1 ---ap,b = by --- by, € (1,]) for a;,b; € {1,1}, let
B(a,b) be the set of (a,b)-diagrams of the form

ko k1 ko,.s1 Sn bl tm
Cw ..-Cl CO’,"I -../r'na/r‘l .--/r‘m

where o € Sim(a,b), w, k;, s;,t; € Z>o, and s; = t; = 0 whenever (¢,1) and (j,0) are
sources respectively. We write B(a) for B(a, a).
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Example 4.39. Given a =1 and b =|[11], an example of an element of B(a, b) is

cschrbar) = QQO ﬁi\\i
5

where « is the third simple (a, b)-diagram in the list given in Ezample 4.56.
The following result is Proposition 5 of [KKhol4].
Theorem 4.40. The set B(a, b) is a basis for Hompeis(a, b).
O

Remark 4.41. The description of this basis is analogous to the basis given by regular
monomials presented in [N96, Theorem 4.6]. Note that no decorated anti-clockwise
bubbles appear. This is due to the fact that any decorated anti-clockwise bubble may
be expressed as a linear combination of decorated clockwise bubbles, see for example
[Khol4, Proposition 2].

4.3.2 Connections to A3

In this section we demonstrate a connection between our affine partition algebra Agg
and the Heisenberg category Heis. Namely, we will prove that we have a surjective
C-algebra homomorphism A3 — Endpeis((14)®*) which sends the generators of A3 to
very natural diagrams. This investigation was inspired from the works of J. Brundan and
M. Vargas in [BV21] regarding the affine partition category APar which they introduced,
and which we will recall in the next section.

It was shown by S. Likeng and A. Savage in [LS21] that there exists a faithful functor
from the partition category into the Heisenberg category (see Theorem 4.1 and Theorem
5.2 in [LS21]). As a result the partition algebra As; embeds into Endpes((14)%%). To
describe this embedding, when drawing a (1)®*-diagram, instead of labelling the end-
points with arrows, we instead will label the points (i,1) with i for each 1 < i < 2k,
since the parity of the label recovers the orientation of the arrow. Also to ease notation
we employ the following diagrammatic shorthand for elements of B((1])®*):

1 u v 2k u v

T T Y B I U T

where [ is loopless, p is a collection of (possibly decorated) clockwise bubbles, and
u,v € [2k]. Hence we drop the trivial vertical strings but retain the labels u through v,
allowing one to recover the original diagram.

Theorem 4.42 (Theorem 4.1 of [LS21]). We have an injective C-algebra homomorphism

(;5 : Agk — EndHeis((T¢)®k)
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given on the generators by

2% -1 9 9% 2i+1
< — ~_ 7
P(e2i—1) = ;o ¢lea) = ;o P(z) = ©7
— VS
% —1 2% 42 92— 1 % +2

R

To go from the group algebra of the symmetric group CS; to the degenerate affine
Hecke algebra Hj, one includes the decorations (right curls) into the diagrammat-
ics, which play the role of the affine generators. Thus consider the subalgebra of
Endueis((11)®¥) given by the image of the embedding of the partition algebra Ay, via ¢,
hence the subalgebra (¢(2), ¢(e2i—1), d(e2:), ¢(s;)). If we include decorations into such a
subalgebra, i.e. adjoin the generators r; and ¢; of Definition 4.37, then we should obtain
something akin to an affine counterpart to the partition algebra. Let

Aok = (6(2), ¢le2i-1), d(eai), ¢(s), i, 1) C Endpeis((11)F) (4.8)

be this subalgebra. We would hope that .A%fkf is isomorphic to .%Algk. Although at this
moment we are unable to prove or disprove this, with a significant hurdle being the fact
that we lack a basis for Agg. However, what we are able to show in this section is that

O

Agi = Endpeis((14)®F),

and moreover that this endomorphism algebra is a quotient of A‘gg.

Proposition 4.43. Let k € Z>(, then we have a C-algebra homomorphism

¢ A Endpeis((1)®)

given on the generators by

2 -1 9 % 2i+1 % —1 2%
<~ — ~_
o(egi—1) = . pleg) = ;o p(xei1) = % , o plxey) = i,
— VS
21 2 2i+1 2% 241242

p(12i) = K o p(mei) = K IED, 201

Proof. This will be shown by directly checking that each of the defining relations in
Definition 4.7 is satisfied under the map ¢. Most of these are simple to check but
lengthy, hence for such relations we do not give full details.
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(1)(1):

2i—1 27 2i+1
21—1 27 2i+1

o) = = Ei by (H1)

2i—1 24 2i+1

= T ;i by (H2)

2t—1 24 2i+1 20—1 24 2i+1

T D e

which equals p(1—ey;). One can show that relation (1)(ii) is upheld in a similar manner.

(2): Relation (2)(i) is To;41725 = T2jT2i+1 for all j # i+ 1. When j # 4, it is clear to see
diagrammatically that this relation is upheld under ¢. For case j = i, one applies (H1)
and then (H2) to see that

26—1 27 29+12i+2

O(Ti4172i) = >§§< = p(T2iT2i+1)-

Both relations (2)(ii) and (2)(iii) can be seen to hold under ¢ diagrammatically. For
relation (2)(iv), we have that

20 —1 27 21412142 20—1 2 2i4+12i+2

o(si) = o(T2it172i + €2i) = >§§< + T : l

Such elements satisfy the braid relation s;s;4115; = S;+15i8i+1 by Theorem 4.42.

(3): Relation (3)(i) is upheld under ¢ by applying Lemma 4.31, and (3)(ii) is upheld by
(H4). Relations (3)(iii) and (3)(iv) are upheld by the fact that left curls are annihilated.
For relation (3)(v), it is clear that applying (H1) allows one to go from the diagram
©(T2i€2i—1€2i+1) t0 ©(T2;+1€2;—1€2i+1), and similarly for relation (3)(vi).

(4): All of these relations follow diagrammatically and from (8)(iii) and (3)(iv).

(5): Relation (5)(i) is simple to check since the diagrams contain no points of intersec-
tion. For (5)(ii), applying (H1) and (H2) we see that

20—1 2§ 214+12i+2 20—1 27 2i4+12i+2

't

o(Toi€2i-1T2) = = ,
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29 —1 27 20+120+2 20—1 27 214+12i+2

't

CP(T2z‘+1€2i+1T2i+1) = = )

A

thus o(72;€2i-172;) = @(T2i+1€2i+172i+1). In a similar manner, for relation (5)(iii) one
can show that

21— 2 2i+1

O(Toie2i—2T2;) = >TF3< = ©(T2i—1€2iT2i—1)-

(6): These relations are immediately seen to be upheld diagrammatically.

(7)(i): We seek to show ¢(72;—272;T2i—2) = @(T2iT2i—272;(1 — e2;—2)). The left hand side
gives

20 —329—22i—1 27 2i+1

O(Toi—2ToiToi—2) =

29 —320—-221—1 2 2t+1 29 —320—221—1 2 2t+1
29 —320—221—1 27 2t+1 29 —320—-221—1 2 2141

g

where the second equality follows by applying (H3), and the third equality follows from
(H2). By applying (H1) and (H2), one can check that the first term above is ¢(72;72;—272;)
and the second term above is ¢ (72;72;—272;€2i—2), hence (7)(i) holds. Relation (7)(ii)
can be shown in an analogous manner.

(7)(iii): We seek to show that (p(TQi_lTQiTQi_l) = (p(TQi — €9;_9T2; — TQi@Qi_Q). The left
hand side gives

2t —220—1 2 21+1
21 —22t—1 92¢ 2i+1 20 —221—1 2 21+1
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By applying (H2) twice and (H1), the second term above straightens out to

21 —221—1 27 2i+1
21 —221—1 25 2i+1

M = 80(T2z'62z'—2)-

For the first term we get

20—229—1 27 2i+1 20—22¢—1 2§ 2i+1 20—221—1 27 2i+1

2%—22%—1 2 2i+1 20—22%—1 2 2i+1
- | =< - ==
= 90(7‘22)4-@ €2i—27T2i)

where the first equality follows by applying (H3), and the second equality by (H1)
and (H2). Therefore collectively we have show (7)(iii). Relation (7)(iv) follows in an
analogous manner.

(8)(i): We seek to show that
©(x2i41) = @(T2ix2i—172i) + p(e2iei—172i) + ©(T2i€2i—1€2;) — P(T2i)- (4.9)

One can check that

20—1 2¢ 2i+1 29 —1 92¢ 2i+1
N A \.j\
p(egiei—17T2;) = T . p(Tiezi—rez;) = T
VN VRN

By local relations (H1), (H2), and (H3), and applying Lemma 4.32 (and a 90° clockwise
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rotation of Lemma 4.32), we have

20—1 2§ 2i+1

2t—1 24 2i+1 2i—1 23 2i+1 2t—1 24 2i+1
20—1 24 2i+1 2t —1 24 2i+1
1o X<
20—1 24 2i+1 29—1 2 2i+1 20—1 24 2i+1
S =R
2t—1 23 2i+1 2e—1 24 2i+1 2t—1 23 2i+1 2t—1 24 2i+1
~_7
SRV B B IS
- L

= @(x2i+1) — p(mie2i—1€2i) — Y(€2i€2-172i) + ©(T2i).

Rearranging yields Equation (4.9). The remaining Skein-like relations (8)(i1), (8)(iii),
and (8)(iv), following in a similar manner where we employ Lemma 4.32 to pull the
decoration over various oriented crossings.

(9) and (10): These relations are immediately seen to be upheld diagrammatically.
0

Note that restricting ¢ of Theorem 4.42 to the partition algebra Ay gives the mor-
phisms ¢ of Proposition 4.43. The remainder of this section seeks to show that the
algebra homomorphism ¢ is surjective. Firstly, from Theorem 4.40 we know that
Endueis((11)®%) has a basis given by

k k1 ko,..s1..83 S2k—1 to ta tok
wa -G Cy T Ty ...7'2k_1047'2 Ty "'r2k

where a € Sim((14)¥). Since ¢(z) = ¢; and ¢(x;) = 7y, to prove that ¢ is surjective
it is enough to show that Sim((1})*) C Im(p). We will prove this by showing that
Sim((1)%) € (p(ei), ¢(1))i; C Im(p). We say that a simple diagram is planar if no
intersections occur among its strings, for example the diagrams ¢(e;) are all planar for
each i € [2k — 1]. The total number of planar diagrams in Sim((11)") is Cay, the 2k-th
Catalan number. These diagrams are precisely oriented versions of the Temperley-Lieb
diagrams. The Jones normal form gives a way of writing the Temperley-Lieb diagrams
as a product of generators (see [J83], and also [Kau90, Theorem 4.3 and Figure 16])
which does not involve bubbles, and so may be applied here for the elements p(e;) to
show that any planar diagram belongs to (¢(e;)); and hence to Im(y). Thus we have
the following:
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Lemma 4.44. The planar diagrams of Sim((1])®*) belong to Im(¢).

O

We now define types of simple (1])®*-diagrams which are naturally induced from
permutations. Recall that any simple (T¢)®k—diagram is determined by the associated
(11)®*-matching on the set of endpoints F(2k, 2k).

Definition 4.45. Let 7 € ;. Then we define the following simple (1])*-diagrams:

(i) 7' by pairings {(2i—1,0), (2m(i)—1,1)} and {(2i,0), (2i,1)} of endpoints E(2k, 2k),
foreach 1 <i <k.

(ii) 7+ by pairings {(2i—1,0), (2i—1,1)} and {(27(i),0), (2i,1)} of endpoints E(2k, 2k),
for each 1 <4 < k.

Example 4.46. For k =3 and 7 = (1,2,3) € &3, we have

e ™ —a

For any m € &y, it is shown in [Stem97] that we have a reduced expression of the form
™= (Sm18m1+1 T Snl)(3m23m2+1 T STLQ) to (szsmﬂrl T Snz)a

where k > ny > ng > -+ > n; and n; > m;. Noting that s? = ¢(79;), consider

mi n1 m2 ng my ny

al () = (shysh n s ) (s, sh in - osh) o (shy st q oo sh,) € Im().

Strings in af(7) may intersect one another more than once, but we can resolve such
double crossings by pulling strings apart via the local relations (H2). The descending
condition on the indices in this reduced expression means we will never need to employ
(H3) to pull strings apart, and thus we must have that a'(7) = 7. Hence 7" belongs
to Im(¢). It is easy to see that the image of ¢ is invariant under taking 180° rotation
(clockwise or anti-clockwise), and one can note that rotating 7' by 180° yields (pmp~1)*
where p is the product of transposition (i,k — i + 1) for each i € [k]. Thus we also have
that 7 € Im(¢p) for all 7 € &. Hence we have the following:

Lemma 4.47. For any 7 € & we have that 7 and 7' belong to Im(y).

O

To aid upcoming proofs we define a collection of diagrams which loosen the conditions
on simple diagrams.

Definition 4.48. Given any a,b € (1,]), we call an (a,b)-diagram semisimple if the
following hold:

(1) It contains no loops or self intersections.
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(2) No top arc intersects a bottom arc.

Let SSim(a,b) denote the set of semisimple (a,b)-diagrams. We will write SSim(a)
instead of SSim(a, a). We have that Sim(a, b) C SSim(a, b).

Example 4.49. Consider a =1| and b =|11] as was given in Fzample 4.36. The 6
simple (a, b)-diagrams displayed in that example are all semisimple too. An example of
a semisimple (a, b)-diagram which is not simple would be

DRSO

The down string and the arc intersect twice, making it non-simple, but such intersections
are allowed for semisimple diagrams.

As will be shown in Proposition 4.52, any semisimple diagram will decompose into a
linear combination of simple diagrams (hence the naming convention).

Any diagram o € SSim((1])*, (11)!) contains precisely k + I strings, and the endpoints
of these strings induce an ((1})*, (1])!)-matching of the endpoints E(2k,2l). We let
@ denote the unique simple diagram corresponding to such a matching (recalling the
discussion after Definition 4.35).

Lemma 4.50. Given any simple diagram o € Sim((11)*, (11)!), there exists 7 € Gy,
o € &;, and a planar diagram £ € Sim((1))*, (11)!) such that 7'3c* is semisimple and

a=T7lhot.

Proof. Given any simple diagram v € Sim((11)%, (1)) let (24,0),(24,0) € E(2k,2I)
(respectively (2 — 1,1),(2¢ — j,1)) be two | (respectively 1) endpoints in the bottom
row (respectively top row) of 7. Let 7 be the simple diagram obtained from ~ by
permuting these two endpoints around. It can be seen that (i, j)¥ (respectively (i, 7))
is semisimple as long as the permutation doesn’t swap the orianetation of an arc around,
since that is the only way a self intersection can occur. In this case, one can see that

v = ~(i,5) (respectively = (i,j)T'y).

Hence to prove this lemma it is enough to show that we can reach a planar diagram
from a by repeatably permuting the endpoints in the bottom row coloured by J, and
top row coloured by 7, in such a way that the orientations of arcs are preserved. We
focus on the bottom row, where the top row will follow in the same manner by a 180°
rotation of the diagrammatics. Starting with @ we remove intersections one at a time by
employing a suitable permutation of endpoints. There are a few cases to consider, and
in each such case the endpoints of the strings in the following diagrams will be arbitrary:

(Case 1): Crossing of two down strings:
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(Case 2): Crossing of a down string with an clockwise/anti-clockwise arc:

AT AN N T e

Note in either situation the orientation of the arc is preserved by the permutation.

(Case 3): Crossing of two arcs: There are four cases based on the orientations of the two
arcs given by

SN (AN s AN

mw_mm7 ff;(\w/m

noting that in the last case such a down string must exist. Again, the orientations of the
arcs are preserved under the permutation of endpoints in all four of the above situations.

In all three of the cases above, it can be seen that the new simple diagram we obtain
after the permutation of endpoints has strictly less number of intersections. We claim
that applying the moves above on the bottom row, and their 180° counterparts on
the top row, until all such intersections are removed will yield a planar diagram. For
contradiction, suppose this is not the case. Thus even after removing all such types of
intersections, the diagram still contains some other type of intersection. The other such
intersections are either between an up string and arc on the bottom row, a down string
and arc on the top row, or an up string and a down string. The former two are 180°
counterparts to one another, hence we only need to consider one such type. Firstly, if
an up string intersects a clockwise arc on the bottom we have

N

a 1} cC

Note that the parity of the number of endpoints on the bottom row strictly between a
and b must be different to the partity of endpoints strictly between b and ¢. Thus one
can deduce that such an endpoint must be a target to a string which intersects the arc,
and such an intersection would be accounted for by Case 2 or 3, hence a contradiction.
The same argument can be used to show that the case of an up string intersecting an
anti-clockwise arc on the bottom is also impossible. Note all intersections involving arcs
have now been accounted for. Lastly assume an up string intersects a down string. We

have two cases, one of which is
|
1
>< ‘
|
|
|
I
I

b
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The dashed vertical line is simply an aid for arguments to come, and has been drawn so
that the endpoints a and b are the closest endpoints to its left. The other case is given
by rotating the above by 180° and will follow analgously. The parity of the number of
endpoints to the right of a is odd, while the parity of the number of endpoints to the
right of b is even. This implies that there exists a string s such that one of its endpoints
belongs to the right of the dashed line, while the other belongs to the left. Moreover,
since the right-most endpoint on the top and bottom row are coloured by |, we can
say that the endpoint of s which is to the right of the dashed line is a source while the
endpoint to the left is a target. So s must intersect one of the above strings, and must
be a vertical string since all intersections with arcs are accounted for. Hence, colouring
the string s in red we have

a a
b b

Note that s may intersect both of the other strings and not just one, but it is always
forced to intersect the string depicted. As such each situation exhibits an intersection
accounted for in Cases 1 (or its 180° counterpart), giving the desired contradiction. Thus
removing all intersections of the types presented in Cases 1 to 3 (and their 180° rotated
counterparts) will result in a planar diagram, completing the proof.

O

Let R be an open subspace of R x [0,1] and let a be an (a, b)-diagram. Examining
a locally in R will give a configuration of curve segments, and we refer to such as a
region of a. Within a given region we treat distinct curve segments as different curves,
even if in « itself the two segments belong to the same curve. In particular, if in R two
distinct curve segments intersect one another, and in « these two segments belong to
the same curve, we will not call such an intersection a self-intersection in R, but it is a
self-intersection in a.

Recall that the local relation (H4) tells us that if a left curl appears in a diagram we
may annihilate such a diagram. This relation asks that the region enclosed in the curl
is absent of any other strings. The following result shows that even if such a region is
non-empty, as long as its contains no loops or self-intersections, we can annihilate the
diagram.

Lemma 4.51. Let a be an (a,b)-diagram containing a left curl where the region
bounded by the curl contains no loops or self-intersecting curve segments, then o = 0.
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Proof. By assumption « contains a configuration of the form

g1 gm—1

where we let R denote the interior region bounded by the curl, which contains no loops
or self-intersecting curve segments, and gy, ..., g, account for all the intersections which
occur on the curl. Note we have only drawn the segments of the g;’s which realise the
intersection on the curl. We prove the result by induction on the number of intersec-
tions occurring in R. Assume that no intersections occur in R, hence R gives a planar
configuration of strings. One can deduce that there exists neighbours g; mod(m+1) and
9(i+1)mod(m+1) such that either

9o 9Im
gi or

gi+1

In the former situation, since we are dealing with a left curl, one can check that regardless
of the orientation of the depicted string in R, it may be pulled outside the curl by (H2).
For the latter situation we may employ (H1) to pull the string out of the curl over the
crossing at the top. Continually pulling out such strings one at a time will result in
making R empty, and then applying (H4) gives oo = 0.

Now suppose that the result holds whenever R contains n or less intersections for some
n > 0, and assume that R contains n + 1 intersections. It is clear that there must exist
an empty region R’ in R bounded by the curl and various segments. Diagrammatically
we have

gi gi+1

where g;, gi+1, and the (possibly empty) set of curve segments H = {hq,...,h;} make
up the remainder of the boundary of R’. Note such curve segments may not be pairwise
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distinct in R. In the case when H is empty, we simply have the situation

SR

9i gi+1
Since R’ is empty we may pull this crossing out of the curl by (H1), which will decrease
the number of intersection in R and thus by induction & = 0. Hence we may assume
that H is non-empty. The general case H = {hq,...,h;} is solved by focusing on hq,

and in fact solving the case H = {h1} is sufficient to understand the general case, hence
we only prove this case. So we are working with the sitaution

9i Ji+1

There are two cases to consider based on the orientation of hq. For the first case we have

9i 9i+1 9 :: gi+1

by (H2). Then we may pull the crossing between either g; and hqy, or g;+1 and hy out
of the curl by (H1), which will decrease the number of intersections in R by one and so
a = 0 by induction. With the opposite orientation on h; we have

(1) (2)
hy hy

gi Ji+1 9i gi+1 gi Ji+1
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by (H3). Here denote the first diagram on the right of the above equation by «; and
the second by as. For a1, as was done in the previous case we may pull one of the
crossings outside of the curl, and thus decrease the number of intersections in R by one,
and hence a; = 0 by induction. For as the curve containing h; and the original left curl
have been turned into the two new curves hgl) and h§2). Note the original left curl is
no longer present, but regardless of how the original curve containing h; intersected the
curl, at least one of the new curves hgl) and hg2) must form a new, smaller, left curl. The
region bounded by this new curl is a subregion of R containing strictly less number of
intersections. Hence by induction as = 0, and so collectively a@ = a1 +ag = 0 completing
the proof by induction. Note the general case for H = {h1,..., hy} is tackled in the exact
same manner by pulling h; out of the curl, the diagrammatics are just more cluttered,
but the remaining segments ho, ..., h; do not interfer with the above argumenets.

O

Let a =ay---ax and b= by ---b; for a;,b; € {1,1}, and consider the map
deg : SSim(a, b) — ZZ[} X ZZO

given by deg(a) = (A(a),C(a)) where A(c) is the number of arcs in «, and C(«) is
the number of clockwise arcs in a.. We call the tuple (A(a), C(«)) the degrees of a. We
order the image of deg by using the lexicographical ordering < on Z>g X Z>¢. Note that
for any o € SSim(a, b) we have deg(@) = deg(a).

Proposition 4.52. Let o € SSim(a, b). Then

a = a + Z cgf8
B€Sim(a,b)
deg(B)>deg(a)

where cg € Z for each 8 € Sim(a, b) such that deg(f) > deg(a).

Proof. Given two distinct strings s and ¢ in «, let n be the number of intersections
occurring between the two strings. If n is even set u({s,t}) = n, while if n is odd set
w({s,t}) =n — 1. Note pu({s,t}) is always even. We let

(@) =Y u({s,1}),

where the sum runs over all unordered pairs of distinct strings of a. Informally, n(«)
is the number of intersections of o which prevent it from being simple, in particular
n(a) = 0 if and only if & € Sim(a,b). We will prove this proposition by induction on
n(a), where the base case of n(a) = 0 follows immediately since & = @. Assume the
result holds for all @ € SSim(a, b) such that n(«) < n for some n > 0. Now let a be
such that n(a) = n. Pick two strings s and ¢ in « such that u({s,t}) > 2. Order the
points of intersections between s and ¢ according to when they appear as one travels
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from the source of s to its target. Under this ordering pick two neighbouring points of
intersection p and ¢q. Then diagrammatically we have a configuration of strings

S t

Im

where R is the interior region bounded by the curve segments of s and t between the
points of intersection p and ¢, and the two (possible empty) sets of string segments
G={g1,...,9m} and H = {hy, ..., h;} account for all the intersections of the boundary
of R through t and s respectively. We may assume that we are not in one of the following
three situations:

since otherwise we may pick the more nested pair of intersections to work with instead.
Since situations () and (i77) are not present, any string segment g; must connect to a h;
(rather than another segment in GG). Hence m = x and R realises a pairing of the string
segments G with H. Diagrammatically we have

S

g1
9m

where B is some permutation connecting segments in G with those in H. Moreover,
since situation (i) is not present, this means that no string segments in B can intersect
more that once. In other words B is built out of crossings, and so we may pull all of B
outside of the region R one crossing at a time by (H1), and thus obtain

S p t

g1 - T

9m ( : ) U?J : hum,
q
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Lastly we may pull these horizontal strings out of R through the top or bottom crossing
by (H1). Hence we have emptied R by employing only local relation (H1), and so the
value 7(«) has remained the same. Now there are four different cases depending on the
orientations of the strings s and ¢. In three of these cases, since R is empty, we may pull
the strings s and t apart by applying (H2), and thus remove the two intersections p and
g. This decreases n(«a) by two, and so the result follows by induction. The last case is
given with orientations as follows

| sz t | > < | \\+—/ ’

q /4—\ )
where we have applied (H3). Let the two diagrams on the right hand side of the above
equation be denoted by «a; and as respectively, hence a = a; — ag. It is clear that
a; = @ and deg(a;) = deg(a). Moreover we have that n(a;) = n(a) — 2, and so by

induction
ap=a+ = dgB (4.10)
BESim(a,b)
deg(8)>deg(a)

where dg € Z. As for ag, the original strings s and ¢ have been replaced by u and v.
Although the points of intersection p and g have been removed, in general we cannot
apply the inductive step for ao as it may not be semisimple, since the new strings u and

v may contain self-intersections. This occurs precisely when there are more intersections
between the strings s and ¢ than just p and ¢q. So we break this situation into two cases:

(Case 1) Assume that p and ¢ are the only intersections between the strings s and ¢ in
a, and so g is semisimple. Thus by induction we have

a=ag+ > f38 (4.11)
B€Sim(a,b)
deg(B)>deg(a2)

where fg € Z. We seek to show that deg(az) > deg(w), and then subtracking Equa-
tion (4.11) away from Equation (4.10) will prove this case. One can show this by com-
paring the string types of the sets {s,t} and {u,v}. We have the following to consider:

(1) The set {s,t} contains a down and up string.
(2) The set {s,t} contains a vertical string and clockwise arc.
(3) The set {s,t} contains two arcs on the same row, but not both anti-clockwise.

Note {s,t} cannot contain a top and bottom arc since « is semisimple. The remaining
cases which have been left out are due to the fact they can never realise the orientated
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double crossing of the strings s and ¢ which we are considering. For (1) it is easy to see
that {u,v} consists of two arcs. For (2) one can deduce that {u,v} contains a vertical
string and anti-clockwise arc. For (3), when {s,t} consists of two clockwise arcs one
can check that {u,v} consists of a clockwsie arc and an anti-clockwise arc. When {s, ¢}
contains a clockwise and anti-clockwise arc, one can check that {u,v} consists of two
anti-clockwise arcs. For all these cases we have deg(asz) > deg(a), completing Case 1.

(Case 2) Assume now that there is at least one more point of intersection between the
strings s and t beside p or ¢. In the ordering of intersections discussed previously, pick a
neighbouring point which either preceds p or proceds g, say y. Without loss of generality
assume y preceds p. Then diagrammatically the equation o = a3 — ap is given by

S q t S t /\v

by (H3). In ae the interior region bounded by the left curl cannot contain loops or string
segments with self-intersections since « is semisimple. Hence by Lemma 4.51 ag = 0,

and so a = ay and thus the result follows by Fquation (4.10).
O

Theorem 4.53. The homomorphism ¢ : Agg — Endpeis((11)®%) of Proposition 4.43 is
surjective.

Proof. As discussed previously, this will follow by showing that a € (¢(e;), p(7}))i,; for
all a € Sim((1])®*). We prove this by downwards induction on deg(a). It’s easy to see
that the maximum degree is deg(a) = (2k, 2k). By considering what endpoints can be
targets and sources of clockwise arcs, one can deduce the only element o € Sim((1)%¥)
satisfying deg(«) = (2k, 2k) is given by

| S Y ’e——
— eor
— — — ()0 H 22 1

1€[k]

This completes the base case. Now, pick a such that deg(a) = (x,y) < (2k,2k) and
assume that v € (p(e;), (7)), for any simple diagram v € Sim((1])®*) such that
deg(v) > (z,y). By Lemma /.50 there exists 7,0 € &}, and a planar diagram 3 € Sim((1{
)®F) such that 7 Bo" is semisimple and o = 7?30+, in particular deg(a) = deg(n'Bot).
Hence by Proposition 4.52 we have that

ot = a + Z 7, (4.12)

yESIm((11)F)
deg(y)>deg(a)
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where ¢, € Z. By induction all the simple terms in the above summation belong to Im(¢y).
Also from Lemma 4.44 and Lemma 4.47 we know that 7 8o% € Im(¢p), thus rearranging

the above equation shows that o € Im(yp), completing the proof by induction.
O

Remark 4.54. Equation (4.12) is the key to Theorem /.53, and follows from Proposition
4.52. This proposition applies to all semisimple diagrams which are much more general
than those appearing here. Ideally, one would like to prove that Equation (4.12) holds
for 7T Bo+ by some inductive argument without needing to show it for all semisimple
diagrams. However it is a very delicate task to check which properties are preserved by
an inductive process. So we ended up using this more general approach instead, even
though many of the cases considered in proving Proposition 4.52 probably will not occur
in this case.

By Theorem 4.53, the image of any generating set of Agg provides a generating set
for the algebra Endpeis((11)%*). Hence by Corollary 4.13 we see that the set

{QO(@Z‘),QO(S]‘), 4,0(1’7”) = Tm, ‘P(Zl) = ‘ (XS [Qk - 1]7j € [k - 1]7m € [2k]7l € ZZO}

gives a generating set of Endueis((11)%*). Comparing this to Equation (4.8), we see that
Aok = Endpeis((14)®F) as previously claimed.

4.3.3 The Affine Partition Category of Brundan and Vargas

In this last section of the chapter we relate our affine partition algebra Agg to the work
of J. Brundan and M. Vargas in [BV21]. We start by recalling the definition of their
affine partition category APar as a subcategory of Heis generated by a single object and
certain morphisms, and of their affine partition algebra APy, which is an endomorphism
algebra within APar.

Definition 4.55. [BV21, Definition 4.6 and Equation 4.47] The affine partition category
APar is the monoidal subcategory of Heis generated by the object 1) and the following

morphisms: >§§< 1 : | (4.13)
SN NS (411

. (4.15)

bl+TL Te+1] 10

X T 2T ST DL e

The affine partition algebra is defined to be APy, := Endapar((14)%).
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We can generalise the arguments in the proof of Theorem 4.53 to show the following
result.

Theorem 4.56. The category APar is the full monoidal subcategory of Heis generated
by the object 1.

Proof. We need to show that

Homapar (11)F, (14)1) = Hompeis(14)", (11)1).

Using Theorem 4.40, we need to show that any element of the form

k k1 ko,.s1,.53 S2k—1 to, ta to;
w - C1Cy LTy T QT Ty Ty,

c
where o € Sim((11)*, (11)!), can be written in terms of the generating morphisms in
APar. The morphisms 7; can be obtained by tensoring the generators (4.16) with the
appropriate identity morphisms on the left and right (and subtracting the identity).
Moreover, the morphisms ¢; can be obtained by concatenating 7 with the generators
(4.15) on top and bottom. Thus, it remains to show that any o € Sim((11)¥, (1)")
can be written in terms of the generating morphism in APar. A generalisation of Jones’
normal form shows that any planar o € Sim((11)*, (11)!) can be written in terms of
the generators (4.14) and (4.15) (see for example [RSA14, Proof of Lemma 2.1] for an
explicit construction). Now Lemma 4.50 allows us to write any o € Sim((1)*, (11)!)

as @ = ot where 7 € S;,0 € &; and 3 is planar. Note that SZT and sf can be
written using the generators (4.17) and the composition of the generators (4.14) (and
tensoring with the appropriate identity morphism on the left and right). So using the
discussion following Ezample 4.6 we know that 7 and o+ belong to Endapa,((1])®*) and
Endapar ((14)®) respectively. Now we can follow exactly the same proof as for Theorem
4.53 noting that in this case the maximum degree is (k + [,k + [) and the only simple
diagram with that degree is the one containing k consecutive arcs at the top and I
consecutive arcs at the bottom, which is planar. The rest of the proof can be followed
verbatum simply replacing Im () by Homapar((14)%, (11)1). O

We immediately obtain the following consequences.

Corollary 4.57. The map ¢ gives a surjective homomorphism for Agg to APy.

Corollary 4.58. The set B((1])*) gives a basis for APy.
O

We do not know whether the map ¢ is an isomorphism. If it were, then we would
also have a presentation for APg. Although not included within this thesis, we have
constructed a basis for the small algebras A3 and A3, and from such we have confirmed
that Agff = AP; and AZH = APy. We suspect that the map ¢ realises an isomorphism
between Agg and AP in general.
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5 Orbit Affine Partition Algebra

This chapter is broken into two sections. The first section focuses on generalising the
results summarised in Section 2.1.2 and Section 2.1.3 regarding the centers of group
algebras of symmetric groups, to closely related centralizer algebras. Namely, we provide
a class sum basis to certain centralizer algebras of the group algebras of the symmetric
groups, prove a polynomial property for the corresponding structure constants, and from
such define new C[z]-algebras called marked cycle shape algebras (see Definition 5.33),
which generalise the Farahat and Higman algebra Z given in Definition 2.10. We then go
on to prove various results regarding these new algebras, with one such result establishing
an isomorphism between marked cycle shape algebras and the endomorphism algebras
Endpeis(19%) discussed in the previous chapter.

The second section of this chapter uses the marked cycle shape algebras to analysis
certain subalgebras of the endomorphism algebras Endg, (M @V ®*) (the codomain of the

representation \I/;],;/IZL given in Theorem 4.24). As a result, we are able to construct a new

algebra Qg‘g which may also be thought of as an affine version of the partition algebra.

We prove some basic properties of this algebra, and end the chapter by constructing

an algebra homomorphism Agg — Q%g. We suspect that A;g = Q%g as C-algebras,

although this appears difficult to prove at this stage.

5.1 Marked Cycle Shape Algebras

5.1.1 Conjugacy Classes of G" and &"

Throughout this chapter we let X denote a finite subset of N. For any r > 1 and
finite group G, let G*" denote the group of r direct products of G. Recall that for any
permutation m € Sy the support Sup(7) is all elements of N on which 7 acts non-trivially,
and we have set ||7|| = [Sup(w)|.

Definition 5.1. Let w = (m;)/_; € 6". Then we define the following:
(1) Sup(w) := Sup(my) U---USup(m,) and ||7|| := |Sup(7)].
(2) Supx () :=Sup(m)N X and ||=||x := |Supx (7).
(3) Sup™(m) := Sup(m)\X and [|z[|¥ := |Sup™ ().

In particular we have the disjoint union Sup() = Supy () U Sup™ ().

We let Stab(X) := {7 € Gy | m(x) = z for all x € X} be the stabilizer subgroup of
X in &y. The group Stab(X) acts on " by component-wise conjugation. We refer to
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the orbits of this action as the X-conjugacy classes of &{". For any 7 = (m;)i_; € 6"
we denote the X-conjugacy class of &" containing 7 by

CLIX](m) := {(07)i—y € &Y | 0y = 7m7 ! for all i € [r], and some 7 € Stab(X)}.

Let C be an X-conjugacy class of 63" and let # = (m)l_,,0 = (0;)j_; € C. By
considering how conjugation acts on the cycle structure of permutations given in Lemma
2.3, one can see that for each ¢ € [r] the permutations m; and o; must have the same
cycle structure, and the relative positions of the elements of X within their cycles must
also match. Hence ||7|| = ||o]|, ||7||x = ||o||x, and ||7||* = ||e||¥, and so it makes
sense to define ||C|| := ||=||, ||C||x := ||7||x, and ||C||X := ||=||¥ for any 7 € C.

Example 5.2. Let 7 = 2, X = {1,2}, and consider m = ((1,3)(2,4), (3,4,5)) € &3>
Then the X-conjugacy class containing 7 is given by

CLIX](m) = {((1,a)(2,b). (a,b,0)) | (a,b,c) € (N\X)"}

where (N\X)" is the subset of (N\X) x (N\X) x (N\X) of all tuples with pairwise
distinct entries. For any o € CL[X](7), we have ||o|| = 5, ||o||x = 2, and ||o||¥ = 3.

Let n € N and X C [n], then we set Stab,(X) := Stab(X) N &,,. Similar to the above
situation, this subgroup acts on & " by component-wise conjugation. We refer to the
orbits of this action as the X-conjugacy classes of &)". For any w = (m;);_; € &7, we
denote the X-conjugacy class of &*" containing 7 by

CL,[X](7) :== {(00)i_; € BX" | 0; = Tmy7 " for all i € [r], and some T € Stab,,(X)}.

Again we can set ||C|| := ||7||, ||C||x := ||7||x, and ||C||¥ := ||=||X for any X-conjugacy
class C of G, and any mw € C.
Given any X-conjugacy class C of " we will let C,, :=CN&)".

Example 5.3. Continuing from Ezample 5.2 let C = CL[X](7). Note that X C [n] for
all n > 2. For these values one can deduce that

c {{((Laxz,b),(a, b.c)) | (a.b.0) € (M\X)®}, n =5
", 2<n<4

where ([n]\X)" is the subset of ([n]\X) x ([2]\X) x ([n]\X) of all tuples with pairwise
distinct entries. When n > 5 the set C,, is an X-conjugacy class of &2

As the above example suggests, when C is an X-conjugacy class of 61§r, n € N, and
X C [n], then the set C,, is either empty or an X-conjugacy class of &". The following
proposition proves this and gives a criteria for when C,, is non-empty.

Xr

Proposition 5.4. Let C be an X-conjugacy class of 83", n € N, and X C [n]. Then
C, is non-empty if and only if

n > [|C||* + |X]. (5.1)
In this case C,, is an X-conjugacy class of &¢", and all such X-conjugacy classes of &X"
appear uniquely in this manner.
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Proof. By assumption |X| < n. Pick an arbitrary element 7 = (7;)]_; € C. All elements
of C are of the form (rm;771)7_, for some 7 € Stab(X). The set Sup™ (rw7~!) is all the
elements of N\ X for which at least one 77;7~! acts non-trivially on. Assuch rwr=! € C,
if and only if Sup™ (rw7~1) C [n]\X. For this to be the case we must have that

Sup™ (re 1) = |IC[|* < [[n]\X] = n — |X].

Rearranging gives Equation (5.1). This tells us that C,, = () whenever n < ||C||X + | X].
Now assume Equation (5.1) holds. We have Sup™ (r7wr~1) =7 (SupX(Tr)), the image of
the set Sup™ (7) under 7. Let ¢ : Sup™ (7) — [n]\ X be an injective map, which must exist
since Fquation (5.1) holds. Then fix a permutation 73 € Stab(X) such that 7(i) = ¢(7)
for all i € Sup™ (). Hence Sup™ (rw7; ') C [n]\X and so, from our above discussion,
the set C,, is non-empty. We now want to prove that such a set C,, is an X-conjugacy
class of &X". We have shown that m, := Ttﬂ'Tt_l € C,, and hence, since C,, = CNG&)",
any element of C, is of the form 7,7~ for 7 € Stab(X) such that Sup™ (77,7 1) C
[n]\X. This differs to CL,[X](7,) only in the fact that 7 can be taken from Stab(X)
as opposed to Stab, (X). Hence we need to show that whenever e, € C, for some
7 € Stab(X), then there exists a 7, € Stab,(X) such that 7m,7~! = 7,m,7,,!. Given
such a 7, we must have that Sup™ (rw,771) =7 (Su pX(wn)) C [n]\X. We also have that
Sup® (m,) C [n]\X, hence let 7,, be any permutation of [n]\X with the property that
(i) := 7(i) for all i € Sup™(7r,,). From how conjugation acts on the cycle structure of
permutations given in Lemma 2.3, it is clear that 77,7 !
m € G,", we have that

= T TnT, 1. Hence, for any

(CL[X](T‘-))TL = CLn[X] (71')

Also, since orbits intersect trivially, all such X-conjugacy classes of & " appear as the
intersection of a unique X-conjugacy class of Gy with &x".
O

We now present a result describing the size of the set C,, when C is an X-conjugacy
class of 6", n € N, and X C [n]. In particular we show that the size of such a set is
polynomial in n.

Proposition 5.5. Let n € N and X C [n]. For any X-conjugacy class C of GJ",

!Cn|=b(lc)(n—IXI)(n—|X|—1)-~(n—|X|—|IC|X+1)

where b(C) € N is a constant depending only on the class C and not on n.

Proof. Assume that n > ||C||X +|X|, and so by Proposition 5./ we have that C, is an X-
conjugacy class of &,". Pick w = (m;)]_; € C,, then C,, is the orbit of 7 in &" under
the action of Stab,(X) by component-wise conjugation. Thus by the Orbit-Stabilizer
Theorem we have
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where Stabsgap, (x) () = {7 € Stab,(X) | 77! = 7} is the subgroup of Stab,(X)
whose elements fix 7 under component-wise conjugation. Consider Stab,, (X USup™ (7)),
the subgroup of &,, consisting of all permutations which act trivially on X USup™ (). Tt
is easy to see that Stab, (X U Sup™(m)) C Stabsy,p, (x) (7). Now let S(Sup™ (7)) denote
the subgroup of &,, consisting of the permutations of Sup™ (). Naturally &(Sup™ (w)) C
Stab,,(X), and hence the group

Stabg gypx () () = {7 € S(Sup™ (m)) | Tt =7}

is also a subgroup of Stabsyap,, (x) (7).
Claim: We have a group isomorphism

Stabgtap,, (x) () = Staby (X U Sup™ (7)) X Stabes,px () (7)-

Note that the two subgroups Stab, (X U Sup™ (7)) and Stabgg,pX (z)) () commute and
have trivial intersection. Hence to prove this claim we only need to show that any
permutation 7 € Stabsiap,(x)(7) can be expressed as a product 7 = 77y for some

71 € Stab, (X U Sup™ (7)) and m € Stabg (gup* () (). Let 7 € Stabgap,, (x) (), then

by definition we have 7m;7 !

= m; for each i € [r]. We now seek to show that the sets
[n]\Sup(7r) and Sup(7) are invariant under the action of 7. Suppose for contradiction
this is not the case, hence there exists an ¢ € [n]\Sup(7) such that 7(i) = j € Sup(w).

Then for each i € [r],

mi(j) = (rmir™H)(5) = (rm) (i) = (1) = J.
Thus 7; fixes j for each i € [r], but this gives the desired contradiction since j € Sup(7r).
So since the sets [n]\Sup(7) and Sup(7) are invariant under the action of 7, we must
have a decomposition 7 = 7375 where 7 is a permutation of [n]\Sup(w) and 7 is a
permutation of Sup(7r). Naturally 71 and 79 commute, and since 7 fixes X, both 7 and

5 must also fix X. As such 71 is an element of Stab,, (X U Sup™ (7)) as desired, and
5 € &(Sup” ()). Lastly note that for each i € [r],

T =TT = 72717r2-7'1_17'2_1 = 7'27TZ-T2_1
since 7 commutes with both 7 and m;. Thus mm1, V'— 7, for each i € [r], and so 7o

actually belongs to Stabg(supx(w))(‘n). Hence the claim holds.

Now returning to the size of C,, recall that |Sup™ ()| = ||C||¥X. Also observe that
the size of the group 6(SupX (7)) depends only on the class C, and in particular it is
independent of n. This implies the same for the size of Stabgg,,x () (), and so we
denote b(C) := [Stabg g% () ()] Hence we have that

- Stab, (X)
|Stab,, (X U SupX(ﬂ'))HStabG(supx(w))(ﬂ'ﬂ
I <))
(n — |X] = IC[[*)!b(C)
1
= @(n—le)(n— X[ =1) - (n— |IX] = |IC|* +1).
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We assumed that n > ||C||* + |X| so that C, is an X-conjugacy class of &X". By
Proposition 5.4 the set C, is empty when |X| < n < [|C||X 4+ |X|, and such values of
n are precisely those which give zero in the above formula for |C,,|. Hence this formula
holds for all n > | X|, completing the proof.

O

5.1.2 Marked Cycle Shapes

In this section we focus on the X-conjugacy classes of Gy and &,,, hence specialising to
the case of r = 1 when comparing to the previous section. We will provide a natural
indexing set of such classes and set up a variety of notation which will be employed
throughout this chapter.

Let m € Gy and recall that the X-conjugacy class of &y containing 7 is given by

CLIX](r) = {0 € 6y | 0 = 77! for some T € Stab(X)}.

Considering how conjugation acts on the cycles of a permutation, as given in Lemma
2.3, we have that o € CL[X|(n) if and only if o has the same cycle structure as 7 and the
relative positions of the elements of X within the cycles are the same. We will encode
such information into the following monoid: Let &(X) denote the group of permutations
of the set X, and let U(X) denote the free commutative monoid generated by the set
{ug | = € X}. We have a natural (left) monoid action

v :6(X)— EndU(X))

given by o(7)(uz) := Ur(y) for all 7 € &(X) and € X, and where End(U/(X)) is the
monoid of all monoid endomorphisms U (X) — U(X). Lastly, recall that C denotes the
free commutative monoid generated by the infinite set {c¢; | i € N}.

Definition 5.6. We define the X-marked cycle shape monoid to be
CIX] = (6(X) x,U(X)) xC,
where x,, denotes the semidirect product with respect to the action ¢.

As such the underlying set of C[X] is the cartesian product &(X) x U(X) x C, and
the monoid product is given by

(m,p,e) (', p', &) = (mr’, o(7") ()P, ec!)

for all (m,p,c)(n’,p/, ) € &(X) x U(X) x C. We abuse notation a little and just write
c=(1,1,¢), p= (1,p,1), and m = (m, 1,1) as elements in C[X]. Now for any set A let
Z§0 denote the set of all functions f : A — Z>o with finite support, that is the set of
elements a € A such that f, := f(a) # 0 is finite. Such a set may be regarded as a
commutative monoid under point-wise addition. Then for any d € Z&, we let u¢ denote
the element of U(X) given by the product of terms ugz for each z € X. Similarly, for
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any l € Z§O we let ¢! denote the element of C given by the product of terms céi for each
1 € N, which is well-defined since [ has finite support. Then as sets we have

CIX] = {muld | 7 € 6(X), d e 2, 1 € Z,}.
Moreover, from this perspective the product is given by
(mudd)(ousck) = mouoedtedtk (5.2)

where 0 o d € ZZ, is defined by (¢ o d)(i) = d(o~1(i)). In particular, the operator o
realises the set Z<, as a (left) &(X)-action set.

The monoid C[X] provides an indexing set for the X-conjugacy classes of Sy. The
submonoid C encodes the cycle structure of the cycles containing no elements of X,
while the submonoid &(X) x,U(X) encodes the cycle structure of the cycles containing
elements of X and the relative positions of such elements in such cycles. Instead of
proving this connection now, we will show that we may associate to any element of C[X]
an object called an X-marked cycle shape, and then the correspondence between C[X]
and X-conjugacy classes of Gy will be immediate.

Given a finite set A, a cycle with entries belonging to A is a tuple (a;)", € A*™, for
some m € N, where we only care about the order of the coordinates up to cyclic shifts.

Definition 5.7. Let * be a formal symbol. We define an X -marked cycle shape to be a
finite collection of cycles with entries belonging to X U{x} with the following properties:

e multiset of entries among the cycles equals * or some m € Z>q, in
1) Th Itiset of entri th 1 Is X U{+™} f Z>g, i
particular each element of X appears precisely once.

(2) Cycles containing only * must be of length at least two.

We write an X-marked cycle shape as a formal product of its cycles by juxtaposition,
where the order of the cycles is immaterial.

Example 5.8. Let X ={1,3,5,7,9,11}. An example of an X-marked cycle shape is
A= (37 11)(9)(17 *, %, 7, *)(5a *, *)(*’ *)(*a *, *)

The multiset of entries among the cycles of A is X U {*'°}. Any of the six cycles above
may be rearranged in any order to give an alternative expression for A.

Naturally the group &(X) may be regarded as the subset of all X-marked cycle
shapes whose multiset of entries among the cycles is precisely X. At the other end of
the spectrum, the cycle shape monoid C of Section 2.1.2 may be regarded as the subset
of all X-marked cycle shapes where each element of X belongs to a cycle of length one.
Thus the set of X-marked cycle shapes interpolates between permutations of X and
cycle shapes.

By consulting Lemma 2.3, it is obvious that the set of X-marked cycles shapes in-
dex the X-conjugacy classes of ©&n. Explicitly, given an X-marked cycle shape A, the
corresponding X-conjugacy class of Gy is the set of permutations obtained from A by
replacing the symbols * with distinct elements from the set N\X. For any X-marked
cycle shape A\, we let CL[X]()) denote the corresponding X-conjugacy class of Oy.
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Example 5.9. Let X and A be as in Fxample 5.8, then
CLIX](A) = {(3711)(1#17@2777 as) (5, as, as)(as, a7)(as, ag, axo) | (a:)i2; € (N\X)!lo}

where (N\X)"0 is the subset of the ten-fold cartesian product of N\X of tuples with
pairwise distinct entries.

The X-marked cycle shapes are in a natural one-to-one correspondence with the el-
ements of C[X] (justifying the name of such a monoid): Consider the map from C[X]
to the set of all X-marked cycle shapes given by sending mu®c to the X-marked cycle
shape consisting of, for each i € N, I(i) many cycles of length i + 1 containing only the
symbol *, and where the other cycles are constructed from those of 7 by adding d(x)
symbols x after the entry z, for each z € X (see below for an example). It is easy to
show that such a map is a bijection since there is a obvious inverse to consider. With
this bijection in mind, we identify C[X] as the set of X-marked cycle shapes. Hence C[X]
indexes the X-conjugacy classes of Gy as previously claimed.

Example 5.10. Let X and A be as in Ezample 5.8, then we have the identification
(L, 73, 11)(5) (9uiugurercy = (3, L1)(9)(L, %, %, T, %) (5, %, ) (. ) (%, %, %),
where we have added colours to aid in demonstrating the correspondence.

Given any element A\ of C[X], we will freely move between viewing it as an X-marked
cycle shape or an expression of the form 7ulc with 7 € &(X), d € Z%,, and I € ZY,,.
As mentioned, a permutation o belongs to CL[X]()\) for some X-marked cycle shape \ if
and only if 0 may be obtained from A by replacing the symbols * with distinct elements
from N\X. When expressing A = mu®c!, then from the above discussion, we have the
following equivalent criteria for when o belongs to the X-conjugacy class CL[X]()\) given
in terms of m, d, and .

Lemma 5.11. We have 0 € CL[X](mu?c!) if and only if the following hold:
(i) the number of cycles of o of length i + 1 containing no elements of X is I(3),
(ii) o¥®)*+(z) = 7(z) for each z € X, and 0™ (z) ¢ X for any 1 < m < d(z).

O

Now recall from the previous section the quantities [|C||, ||C||¥, and ||C||x, for any
X-conjugacy class C of Sy. Then for A € C[X], we write

A== ICLIXTOOIL A = [ICLIXTO[IY, and [[A]x == [ICLIX](A)]]x-

From the view point of an X-marked cycle shape, the quantity ||A|| counts the number
of entries among the cycles of length at least two, |[|A||X is the number of * symbols
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appearing among the cycles, while ||A||x is the number of elements from X which appear
in cycles of length at least two. With A = wu®c

I = [Sup(m)| + > d(x) + > (i + DI5),

, one can deduce

zeX €N
A =D d(@) + )i+ 1)),
rzeX 1€EN

[IAllx = |Sup(m)].

We now describe a grading on C[X], and to do so we introduce a monoid to grade by.
Consider the set Z>| x| of non-negative integers greater than or equal to the cardinality
of X. We equip Z>|x| with the binary operator +x defined by

a+xb:=a+b—|X|

Then one can check that Z>|x| is a monoid under +x with identity [X|. As monoids
(Z>0,+) and (Z>|x|, +x) are isomorphic, with isomorphism given by n ~ n + [X| for
all n € Z>¢. For our purposes, the monoid Z> x| will be more convenient to work with.

Definition 5.12. We define the map deg : C[X]| — Z>|x| by
deg(A) = |IA[I* + |X]
for any A € C[X]. We refer to deg(\) as the degree of A.

Note we have defined this degree function with the inequality of Proposition 5.4 in
mind. By considering the description of the product of C[X] given in Equation (5.2), it
is easy to check that deg is a homomorphism of monoids. As such deg realises a grading
on C[X]. For any n € Z>( define C,[X]| = {\ € C[X] | deg(\) = n} to be the n-th graded
component of C[X]. We have that C,[X] is non-empty if and only if n > |X|. We have
the disjoint union

clx]= || calX].
|X]<n
For any n,m € Z>|x|, A € Co[X], and p € C;n[X], we have that Ay € Cypppyp—x([X]. In
particular, the graded component Cx|[X] is a submonoid, and in fact this is precisely
the submonoid &(X). For any n € Z>g we let C<,[X] = {\ € C[X] | deg(A\) < n}. Again
C<n[X] is non-empty if and only if » > |X|. In this case we have the disjoint union

C<nlX] = |_| Cr[X].

|X|<m<n

By Proposition 5.4, for any n € Z>o and X C [n], we have that C<,[X] indexes the
X-conjugacy classes of &,. Given such an n, for any A\ € C[X] we set CL,[X](\) :=
CL[X](A) N &,,. Hence CL,[X](\) = 0 whenever deg(\) > n, and otherwise is the X-
conjugacy class of &,, containing all the permutations of &,, one can obtain from the
X-marked cycle shape A by replacing the symbols * with distinct elements from [n]\X.
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We end this section by describing generating functions whose coefficients record the
size of C,[X] and C<,[X]. As a corollary we obtain a formula for the size of C<,[X]
given in terms of the number of partitions of integers less than or equal to n. Given a
generating function F'(¢) in a formal variable ¢, we let [t"]|F(t) denote the coefficient of
the n-th degree term ¢".

Proposition 5.13. Let ¢t be a formal variable. As generating functions we have

o \X|'t‘X| e 1
Zyc —o L= (5.3)
and X
> X)X &1
3 [CanlX][" = = . (5.4)
— (1—1)l |n:11—t

Proof. We begin by showing Equation (5.3). For any mu¢ct € C[X] we have that
deg(mudd) = | X| + Z d(z) + Z(z + 1)L(4)
zeX ieN

Now for any m € Z>( define the subsets of C[X] given by

meS(X), deZy Y d(z) }

U™ = {ﬂud
reX

cm .= {cl

For any a,b € Z>, given 7u¢ € GU® and ¢! € CY, we have deg(rudct) = a + b+ | X]|,
and all elements in C[X] of degree a + b+ | X| appear uniquely in such a manner. Hence
for any n € Z>o we have that

Corx XTI = D |6U™ ).
a,b>0
a+b:n

and

Lez8y, > (i+ 1)) = m} .

i€EN

Therefore, if F(t) is the generating function such that [t"]F(t) = |&U™)|, and G(t) the
generating function such that [t"]G(t) = |C(™)], then

" (X F@)G(1)) = [CalX]]. (5.5)

The elements of C(™ are the X-marked cycle shapes where the elements of X belong to
cycles of length one, and the remaining cycles contain n symbols * in total. The cycles
containing only the symbols * must be of length at least two. Thus one can deduce that

o0 o0

OED SIGRILE | e

n=0 n=2
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since the factor (1 —#")~! accounts for the number of cycles of length n containing only
the symbols * present in such an X-marked cycle shape. As for the set GU(™, it is clear
that its cardinality is | X |! times the number of maps d : Z&;, — Zx¢ such that the sum of
d(x) for each z € X is precisely n. The number of such maps is precisely the coefficient
of t" in the generating function (1 — ¢)~1XI, since each factor (1 —)~! accounts for the
choice of the image of a given element of X. As such

o0 X1
F(t)=>_|eu™| = |X|! <1) o

o 1-1¢

Hence from Equation (5.5) we have that

N BY L\t
n __

> fealxe =¥t () T 1=

n=0 n=2

which is precisely Equation (5.3). As for Equation (5.4), this follows from Equation (5.3)
by noting that for any generating function A(t), the new generating function (1—#)~1A(¢)
records the partial sums of the coefficients of A(t), that is to say

n

("] (L= 0)7"A®) = Y _["A®).

i=0
U

Recall that A,, is the set of all partitions of n. Then the above proposition allows us
to give a formula for the size of C<,[X] in terms of the sizes of the sets A, for m < n.

Corollary 5.14. The cardinality of C<,[X] is given by

calxli= 3 (T

a>|X],b>0
a+b=n
Proof. 1t is well-known that
o0 oo 1
>t =Tl =
n=0 n=1
Also it is known that x|
o
1—t n ’
n=0
and so X
o0 o0
1—t n n—|X|)

Then the result follows from Equation (5.4) of Proposition 5.13. Note we are using the
generalised binomial coefficients here when X is empty.
O]
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5.1.3 Centralizer Algebras Z,,(X)

Assume throughout this section that n € Z> and X C [n]. In this section we introduce
the X-centralizer algebras Z,,(X), which are subalgebras of the group algebras of the
symmetric group. When X is empty, these algebras are precisely the centers Z, =
Z(C&,,). We give a basis of the X-centralizer algebras by class sums, and show that the
associated structure constants are polynomial in n. We end the section by establishing
various notation and proving some technical results for later proofs.

Recall that Stab,,(X) is the subgroup of &,, consisting of all permutations which act
trivially on all elements belong to the set X. Then we define the X -centralizer algebra
as

Zn(X) :={2€C6&, | 7z = 27 for all T € Stab,(X)}, (5.6)

which is a subalgebra of C&,,. When X = ) we have that Stab,(0)) = &, and so the
X-centralizer algebra is precisely the center Z,,(0)) = Z,. Analogous to the center, we
have a natural basis of Z,(X) given by X-conjugacy class sums of C&,,. Recall that the
set C<p[X] of X-marked cycle shapes of degree less than or equal to n gives an indexing
set for the X-conjugacy classes of &,,.

Definition 5.15. For A € C<,,[X], we define the X-conjugacy class sum as
K,(\) = Z .
TECLL[X](N)

Since X-conjugacy classes of &,, are precisely the orbits associated to the action of
Stab, (X) on &,, by conjugation, the proceeding result follows in a completely analogous
manner to Proposition 2.8 of Section 2.1.3.

Proposition 5.16. The set of class sums {K,(\) | A € C<,[X]} forms a basis of Z,(X).
([

As was the case for the class sums of the centers, we prove that the structure constants
associated to the basis {K,, () | A € C<,[X]} are polynomial in n.

Theorem 5.17. Let z be a formal variable, n € Z>q, and X C [n]. For each A, pu, 7 €
C<n[X] there exists a unique polynomial f{ (z) such that in the centralizer algebra
Zn(X) we have

KaNKa(p) = Y fLu(n)Ea(7).

TECSn[X}

We refer to the polynomials f{ u(z) as the structure polynomsials.

Proof. Fix A\, pi, 7 € C<,[X]. Consider the set of pairs
A= {(7‘(’1,7['2) € CL[X](/\) X CL[X](,U,) | Ty € CL[X](T)} C Gy X Gy.

When A is empty, then we may set f] M(z) := 0. Assume that A is non-empty and let
(m1,m2) € A. Then for any o € Stab(X) we have that (om0 1) (om0™t) = o(mima)o ™!
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which belongs to CL[X](7) since w17y € CL[X](7). Therefore (om0~ !, omo~!) belongs
to A for any o € Stab(X). Thus for some indexing set I, we have the disjoint union

A= |c®
el
where C(%) is an X-conjugacy class of Sy x Gy for each i € I. For any (wii), ﬂ'éi)) e Ccl),
ICOIX = 1Sup™ (77) U SupX (x57)] < |Sup™ ()] + [Sup™ (w5) | = [IA[1X + ||l ¥

Thus for any n > ||A||X +||u||X +|X| such that X C [n], by Proposition 5.4 we have that

Cg ) is an X -conjugacy class of &,, x &,, for each ¢ € I. This implies that the indexing
set [ is finite. Also by Proposition 5.5 we have that

1
AN (6, x &) =)
1€

ey (7~ XD = 1X] = 1) (= X = ICOX 4 ),
1

where b(C") are constants independent of n. By definition of A, the multiplicity of
K, (7) in the product K,(\) K, (u) is |[AN (S, x &,,)| divided by |CL,[X](7)|. Again by
Proposition 5.5 we have that

b
b(r)

where b(7) = b(CL[X](7)) is a constant independent of n. Now for any (wii), Wéi)) e C),

CLa[X)(7)] = < (n = [X[)(n — [X| = 1) (n = |X| = ||7|I¥ +1),

1711 = [supX (=78 < 1SupX (2(?) U Sup™ (2] = (|-

Thus we have that |[AN (&, x &,)| divided by |CL,[X](7)]| is given by

b(T);b(CI@)(n— X1 = Il = 1X ] =l = 1)+ (n = | X] = [[COYY 4 1),

Hence letting f] M(z) be the polynomial obtained from the above expression by replacing
n with z gives the desired structure polynomial.

O]

We now want to compare different centralizer algebras and their corresponding struc-
ture polynomials. Most of this is fairly obvious, but it is convenient to explicitly state
such results for later use.

Definition 5.18. For any 0 € Gy and A € C[X], let A7 be the element of C[o(X)]
obtained from A by replacing the elements of X in the cycles of A with their corresponding
images under o.

Example 5.19. Let X = {1,3,5} and A = (1,%,5,%)(3, %, %)(%,%) € C[X]. Given the
permutation o = (1,4,9)(2,5)(7,8), we have the o(X)-marked cycle shape

A7 = (0(1)7 *, 0(5)7 *)(0(3)7 *, *)(*7 *) = (47 *, 2, *)(3a *, *)(*a *)
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For any o € Gy, consider the map (—)? : C[X] — Clo(X)]. Given A = mudc € C[X],
then one can deduce that
N = oo tu%

where o od € Z‘;(OX) is given by (0 od)(y) = d(oc71(y)) for each y € o(X). One can

show from Equation (5.2) that (—)° is an isomorphism of monoids. Also by Lemma 2.3
it is clear that CL[o(X)](A\?) = oCL[X](\)o~! for any A € C[X] and o € &y. Hence for
any o € Oy, picking n € Z>¢ such that X,o(X) C [n], we may regard (—)? as a map
Zn(X) = Zy,(0(X)) by the C-linear extension of K, (\)? := K,(\°) = o K,(A\)o~ L. Tt
is simple to check that (—)? realised an isomorphism of C-algebras Z,,(X) = Z,(o(X)).
Also, it is simple to check that for any 7 € &,, and K € Z,,(X) we have

(7| K = [77]K°. (5.7)

1

That is the coefficient of 7 in K is the same as that of owro~1 in 6 Ko~1. As such we

immediately obtain the following results.

Lemma 5.20. For A\, y, 7 € C[X] and 0 € Gy, we have an equality f7 (2) = f;f’ug(z)
of structure polynomials.

O

Let X CY C N with both such subsets finite. Let n € Z>¢ be such that X,Y C [n].
Then Stab,,(Y) C Stab,,(X), and hence from Equation (5.6) one can see that Z,(X) C
Zn(Y). We now describe this embedding in terms of the class sum basis.

Definition 5.21. Given finite subsets X CY C N and A € C[X], we say that p € C[Y]
is a Y-filling of A if it can be obtained from A by adding to it the elements of Y\ X by

either replacing symbols * or adding cycles of length one. We write FiII}f((A) to denote
the set of all Y-fillings of .

Example 5.22. Let X = {1,2,3} and Y = {1,2,3,4,5}. Consider the X-marked cycle
shape A = (1,%,2)(3, %), then the Y-fillings of A are given by

Filll(\) = {(1,%,2)(3,%)(4)(5), (1,4,2)(3,%)(5), (1,%,2)(3,4)(5),
(1,5,2)(3,%)(4), (1,%,2)(3,5)(4), (1,4,2)(3,5), (1,5,2)(3,4)}.
Given A € C[X] and a finite set Y C N containing X, it is clear that

{CLIY](w) | 1 € Fillx ()}

gives a set partition of the X-conjugacy class CL[X](A). In particular, each CL[Y](u) is
refining the elements of CL[X](\) by also encoding the relative positions of the elements
of Y\X among the cycles of the permutations. Thus, given any n € Z>( such that
Y C [n], we have that {CL,[Y](x) | € Fill’%(\)} gives a set partition CL,[X]()\), and
hence we have the equality

Kn(\) = Y Ka(p) (58)

peFillL ()
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Hence the inclusion Z,(X) C Z,(Y) may be described by the embedding given on the
class sum basis by K, (\) — Z#GF“|§(>\) Ky (p).

We end this section by proving a few technical results which will play roles in later
proofs. The last of such will prove that another quantity which arises when dealing with
centralizer algebras is polynomial in n.

Let G be a group and H a subgroup of GG. Recall that a left transversal of H in G is
a set T' containing exactly one element from each left coset of H in G. In particular we
have the disjoint union

G=||tH.

teT
Given finite sets X C Y C N and n € Z>¢ such that Y C [n], we have Stab,(Y) C

Stab,,(X). Let 7, be a left transversal of Stab,(Y) in Stab,(X). Then, as we show
below, the elements of 7, are precisely categorised by their action on Y\ X.

Lemma 5.23. Given any injective map ¢ : Y\X — [n]\X, there exists one and only
one element 7 € 7, such that 7(i) = ¢(i) for each i € Y\ X.

Proof. Fix some injective map ¢ : Y\X — [n]\X. Since elements of Stab, (X) are all
those in &,, which fix X element-wise, there clearly exists a permutation 7 € Stab,,(X)
such that m(i) = ¢(i) for each i € Y\X. Now suppose 7 € Ty, is such that 7 € 7Stab,,(Y),
hence m = 70 for some o € Stab,(Y). Thus for each i € Y\ X, since o acts trivially
on Y, we have that ¢(i) = n(i) = (70)(i) = 7(0(i)) = 7(i). Therefore we have show
that there exists such an element 7 € 7T, with the desired property. Consider the map
I:T,—{¢:Y\X — [n]\X | ¢ is injective} sending 7 to its restriction on Y\ X. We
have just shown that [ is surjective. However, note that

7| St _ (n = 1X])!
" Stab, (V)] T (n - [V))!

= (n—=[X])(n— X[ =1)--(n = [X]| = [YAX]|+1).

As such T, has the same cardinality as the set {¢ : Y\X — [n]\X | ¢ is injective}, and
so I must be injective also, and thus bijective, which completes the proof.
O

Definition 5.24. Given finite sets X C Y C N and p € C[Y], let p |x denote the
element of C[X] obtained from p by replacing the elements of Y\ X with the symbols *,
or when such an element belongs to a cycle of length one, remove such a cycle.

Example 5.25. Let X = {1,2,3}, Y = {1,2,3,4,5,6}, and consider the Y-marked
cycle shape given by p = (2,5)(4)(3, , 6, %) (1, %) (*, *). Then

pbx = (2,%)(3, %, %, %) (L, %) (x, %),
hence the cycle (4) was removed, and the entries 5 and 6 where replaced with .

Remark 5.26. Comparing to Definition 5.21, it is easy to see that given finite sets
X CY CNand any X € C[X], we have Filll(\) = {u € C[Y] | u lx= A}
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Lemma 5.27. Let X CY C N be finite sets, p € C[Y], and n € Z>¢ such that Y C [n].
Let 7, be a left transversal of Stab, (Y) in Stab,,(X), then as sets we have

CLa[X] (1 dx) = | CLal

T€Tn
Proof. Tt is clear that CL,[Y](u) C CL,[X](1 x), thus for 7 € CL[Y](u) we have
CL,[Y])(1) = {hmh™" | h € Stab,(Y)} and CL,[X](1 lx) = {gng™" | g € Stab,(X)}.
Since Stab,,(X) is the disjoint union of 7Stab, (Y) as 7 runs over 7, we have that

CL.[X](p dx) = {(h)m(Th)~ | (7,h) € T, x Stab,(Y)}
= {r(hah 771 | (1,h) € T,, x Stab,(Y)}
= |J 7{hwh™" | b € Stab, (YV)}r 7!

TETn
= U 7CLy| U CLy[
T7€TR T7€Tn

O]

Proposition 5.28. Let X CY C N be finite sets and p € C[Y]. For all n € Z>o where
Y C [n], let 75, be any left transversal of Stab,(Y) in Stab,(X), then there exists a
polynomial f (z) such that

K = Z Kn(u") = fiy(n)Kn(p dx).

TE€Tn
We call the polynomials f§(z) the Transversal Polynomials.

Proof. For any m € G,, and A € CS,,, let [r]A € C denote the coefficient of 7 in A, and
write 1 € A whenever [7]A # 0. From Lemma 5.27 we know that 7 € K if and only
if m € K(u Jx). We first prove that for any two m1,m € K we have [m1|K = [mo] K.
Given any 7 € T, since K, (u”) is a class sum we have that [7]K,(u") € {0,1} for any
m € &,. Now let T,(m) be the subset of 7, consisting of all 7 such that 7 € K, (u"),

then we have that
K =) [7] = |Tn(m)|.
T€TH

So we want to show |7, (m1)| = |Tn(72)|. For any h € &, let Ly, : T,, — T, be given by
sending 7 to the unique element Ly(7) of T, such that hr € Ly (7)Stab,(Y). It is easy
to check that Ly, is bijective. Now since my,m € K, (1 }x) there exists h € Stab,(X)
such that mo = hmh~!. Also for 7 € T,,(m) we have 1 € K, (u7), and so there exists a
unique g € K, (p) such that 71 = 7g7~!'. Thus we have

7o = (hr)g(ht) ™! = Ly(r)wgw "Ly (7) ™" = Ly(7) fLi(7) ",
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where w € Stab,(Y) and f = wgw™! € K, (u). So o = Ly(7)fLy(7)~t, which implies
that Ly (1) € Tp(m2). Hence restricting Ly, to T,(71) gives a mapping Tn(m1) — Tn(m2).
Analgously one can show that restricting L1 to 7,(m2) gives a mapping T, (m2) —
T (1), and naturally this map is an inverse to Ly. Therefore |T,(71)| = |Tn(72)|. So we
have currently shown that K = fi (n)K,(u | x) for some constant f§(n) € N, and now
need to show that such a constant is polynomial in n. Since |CL,[Y](u)| = |CL,[Y](17)]
for any 7 € 7, then by definition of K we have that

[Tl CLa [Y] ()]
|CLA[X] (ke x|

Let m € CL,[Y](pr) € CL,[X](pt 4 x), then by the orbit-stabilizer theorem we have

fx(n) = (5.9)

|Stab, (Y)|
|Stabsiab,, (v ()|

|Stab,, (X)]
|Stabsiab, (x) ()|

[CLa[Y](1)| = , and |CL[X](p Ix)| =

As a special case of the claim proved in the proof of Proposition 5.5, one can deduce the
following isomorphisms of groups:

St

Stabstab (x) (7r) = abn(X U Sup™ (7)) x Stabg(g,px () (7)-

Since the size of the sets Sup (7) and Sup™ (7) are independent in n, so are the sizes of
the groups Stabg g, (r))(7) and Stabgg,,x () (7). Hence we set

b(p) := [Stabg sy () ()],

Also note that Stabg g, 7r) is a subgroup of Stab (Supx(w))(ﬂ), and hence b(pu)
divides b(p | x). We set c(u ) =b(p Ix)/b(p) € N. Then from Equation (5.9) we have

| =

fx(n) = |Tal|CLLIY (1) CL X0 )]

_ |Stabn(X)|  [Stab,(Y)|  |Stabsip,, (x) ()]
~ [Stab,,(Y)| [Stabstab, (v ()| [Staby, (X)]
_ [Stabsiap,, (x) ()|
~ [Stabggap,, (v) ()]

b 4x) (n — |Sup™ (m)])!

b(p)  (n— |Sup (m)|)!

= c(u)(n — |Sup™ (7)) (n — [Sup™ (7)| = 1) -+ (n — |Sup™ ()| — |Sup" ()| + 1).

Hence replacing the occurences of n in the above expression with the variable z give the
desired polynomial f}:(z).

O]
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Lemma 5.29. Let X CY C N be finite sets and p € C[Y]. For all n € Z>o where Y C
[n], and any o € &, we have the equality f4(z) = f* ; X)(z) of transversal polynomials.

Proof. As mentioned previously, the linear extension of (—)? realises an isomorphism
of centralizer algebras Z,(Y) = Z,(c(Y)). Let T, be a left transversal of Stab,,(Y") in
Stab,,(X), then one can check that 7,7 := 07,0 ! gives a left transversal of Stab,(c(Y))
in Stab,,(c(X)). Then by Proposition 5.28, under the isomorphism (—)? we have that

P En(pdx) = Y Ka(w) = Y Kalu")" =) Ka(u™)

T7€Tn T€Tn TE€Tn

= 3 Kw) = Y Kl

TET? TET?
= fﬁ;x)(n)Kn((NU) \Lo‘(X))
= féix)(n)Kn(:u LX)U

Hence by Equation (5.7) these polynomials agree on infinitely many natural numbers,

and so must be equal.
O

5.1.4 Dimension Formula

By Proposition 5.16 we know that dim(Z,(X)) = |C<,[X]|, and from Corollary 5.1}
given at the end of Section 5.1.2, we have a formula to calculate such a quantity. In this
section we present an alterative expression for the dimension of Z, (X)) which comes from
the representation theory of the symmetric groups. We will first prove a few lemmas to
help with such a result.

Consider the algebra C&,, ® C&,, with component-wise addition and multiplication.
The group algebra CS,, may be regarded as a left C&,, ® C&,-module by the extension
of the action (m ® ma)(0) = 7T107rgl, for all mq, 7,0 € &,,.

Lemma 5.30. For any n € Z>( such that X C [n], we have an isomorphism of algebras

Zn(X) = Endce, ocstab, (x) (CEw),
with the latter being the algebra of CS,, ® CStab,, (X )-module endomorphism of C&,,.

Proof. Consider the map

¢ : Zn(X) — Endcs, gcstab, (x)(CSr)

given by ¢(z)(x) = xz for any z € Z,(X) and x € C&,,. We will show that ¢ is
an isomorphism of algebras. Let us first show that ¢ is well-defined, that is for any
z € Zp(X) we show that ¢(z) : C&,, - CGS,, is indeed a CG&,, ® CStab,,(X)-module
homomorphism. Since ¢(z) is given by right multiplying by the element z, it is clear to
see that ¢(z) is linear. Also, given any m ® my € &, x Stab,(X) and z € C&,,,

P(z)(mary ') = many 'z = mazmy ' = me(z)(2)my = (1 @ ™) (9(2)(2)),
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where we used the fact that Z,(X) commutes with Stab,(X). Hence ¢(z) is a module
homomorphism. Now it is clear that ¢ is an algebra homomorphism since its given by
right multiplication. So we are left with showing that ¢ is both injective and surjective.
For injectivity, assume z € Ker(¢), hence xz = 0 for all z € C&,,, but picking z = 1 yields
z = 0, showing that Ker(¢) = {0}. For surjectivity, let f € Endcs,gcstab, (x)(CEn),
then for any = € Stab,(X), we have that 7f(1)r—! = f(mn~!) = f(1). Therefore
f(1) € Z,(X). Moreover, for any = € CS,, we have that ¢(f(1))(z) = zf(1) = f(x).
Thus ¢(f(1)) = f, and hence ¢ is also surjective.

O

For M and N two left C&,,-modules, then M ® N is a left C&,, ® C&,,-module given
by component-wise action.

Lemma 5.31. As left CG,, ® C&,,-module we have the isomorphism

CG,, = @ St @ Sh.
AEA,

Proof. By the Artin-Wedderburn Theorem we have that

C6, = @ Mim(x) (C) (5.10)
AEAR

as algebras. We identify C&,, as the direct product of matrix algebras described in this
isomorphism, and let {Ef} | A € Ay, 4,j,€ [dim(A)]} be the basis of C&,, given by the
standard matrix units. From this identification, the simple C&,-module S* corresponds
to the column space associated to the block Mim(y)(C). From this let {e} i € [dim(\)]}
be the standard basis of S* as a column space. Hence C&,, acts on S* by the linear
extension of E{\je’k‘ = 010 ,\“eg\, where .y = 1 if a = b and 0 otherwise. Now let
p:C&, » P s
AEA,

be the map defined by EZ)} — eg\ ® e?‘, extended linearly across CS,,. It is immediate
that ¢ is both linear and bijective, so what remains is to show that it preserves the
C6,,0CG,,-module structure. We show this on the standard matrix units of CS,,, where
the result will then follow from linearity of . Note that, since irreducible representations
of finite group algebras over C are unitary, the linear extension of the inverse (—)~! of
CG&,, corresponds to conjugate transpose (—)* under the isomorphism of Equation (5.10).
Then we have

(Ef} ® En)e(Ey) = (E{\] ® Ef)(ef @ ef)
= (Ejyep) @ (Efie)

= 6)\7_5‘(“_5]‘0‘5]{;1)(6’{ ® elT)
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and

o((Ey ® Ef)ER) = o(ESER(ER))
= SO(Ez‘AngbElgl)
= Oxr0urdjaldrp ()
= 6xrOur0jadip(e] @ e]).
So (B} @ Ej)e(EL,) = o((Ejy © Ej)EY,), thus ¢ is an isomorphism.
O

Recall Young’s lattice S given in Definition 2.16. For any a > b, and partitions p € Ay
and \ € Ag, let Path(u, \) denote the set of paths in S starting at p and ending at .
Such a set of paths is non-empty if and only if  C .

Proposition 5.32. Given n € Z>( such that X C [n], set m := |X|. Then we have
dime(Z, (X)) = Y > |Path(u,\)*.
,U«EAnfm AEAR

Proof. Note that for any subsets X, Y C [n] such that | X| = |Y|, we have an isomorphism
of algebras Z,(X) = Z,(Y). Therefore to prove this result, it suffices to prove it for
X={n—-mmn—m+1,...,n}. Now by Lemma 5.31 we have

€&, = P s* s
AEA,

as left CS,,@C&,,-modules. Restricting the action to CS,,@CStab, (X) = C6,C6&,,—,
gives the following decomposition,

Resce,oce, . (C&n) = P S$* ® Resce,_,, (S)

AEA,
=P sre| B [Path(u,N)s
AEA, UEAL_m

g@ @ |Path(u, \)|(S* ® SH)

)\GAn I«'/GAn—m

where the second isomorphism above follows from item (2) of Theorem 2.18. By Lemma
5.30 we know that

Zn(X) = Endce,oce,_. | D @B [Path(u,N)|(S* @ SH)
)\GAnMGAn—m

The proposition thus follows since dim(End4(S®™)) = m? for any algebra A, simple
A-module S, and m € Zxq.
O
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5.1.5 The Marked Cycle Shape Algebra Z(X)

In this section we define a new C[z]-algebra Z(X) which we call the X-marked cycle
shape algebra, for any finite subset X C N. This is not the monoid algebra of the X-
marked cycle shape monoid C[X], but rather an algebra which can be interpreted as the
X-centralizer algebra Z,(X) as n — oo. In particular, in the case when X is empty, the
algebra Z()) will coincide with the cycle shape algebra Z of H. Farahat and G. Higman
presented in Section 2.1.3.

Recall the X-centralizer algebra Z,,(X) given by Fquation 5.6, which has a basis given
by class sums K, () for A € C<,[X], presented in Definition 5.15. Also recall that the
corresponding structure constants for this class sum basis were shown to be polynomial
in n by Theorem 5.17.

Definition 5.33. Let X C N be finite. We define Z(X) to be the free C[z]-module
with basis {K(\) | A € C[X]}. Equip Z(X) with the product given by the C[z]-linear
extension of
KNK(p) = > 2K,
TeC[X]
where f7 (z) are the structure polynomials given in Theorem 5.17. We call Z(X) the
X-marked cycle shape algebra.

Since f7 ,(n) is the multiplicity of Ky(7) in the product Ky (A)Kn(p), it is clear that
3 ;.(2) equals zero whenever [|7[| > [[A|[+[[x][ . So the product of Z(X) described above
is well-defined as only finitely many terms will appear in the product of two elements.
We may also view Z(X) as a C-algebra with basis {z"K(\) | n € Z>o, A € C[X]}, and
where z is interpreted as a central generator.

As it stands, we need to prove that Z(X) is indeed an C[z]-algebra. Recall that
a distributive ring is an object satisfying all the axioms of a ring except possibly the
associativity of the product, and the existence of a multiplicative identity element. Then
by definition Z(X) is a distributive ring. By Theorem 5.17, for any n € Z>o with X C [n],
we have a surjective homomorphism of distributive rings pr,,[X] : Z(X) — Z,,(X) given
by

pra XJ(K(N) = Ka(A) and pr,[X](2) = n.

By Proposition 5.4 we have that K,(\) = 0 if and only if n < [|A||[X + |X| = deg()).
Therefore, one can deduce that Ker(pr,[X]) is the ideal generated by the polynomial z—n
and the set {K(\) | n < deg(A)}. As such, it is easy to show that N, Ker(pr,,[X]) = {0}
as one lets n run over all n € Z>( such that X C [n]. We thus obtain the following:

Lemma 5.34. For any R;, Ry € Z(X), we have that R; = Ry if and only if
pr, [X](R1) = pr,, [X](R2)
for all n € Z>( such that X C [n].

Proof. The forward implication is immediate, while the reverse implication follows since
it implies that Ry — Ry belongs to N, Ker(pr,[X]) = {0}.
O
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The above result will be the main tool we use in confirming relations within Z(X).

Example 5.35. Let X = {1,2}, and so we only consider n > 2. Consider the X-marked
cycle shapes A\ = (1,2)(*, %) and p = (1)(2)(x,*). We have that deg,(\) = deg, (1) = 4,
hence the class sums K, (\) and K, (u) are non-zero if and only if n > 4. Let n > 2 so
that X C [n], then we have that

Kn(A)Kn(p) = Y. (L2)(a0) Y (ed)

{a,b}C[n\X {c,d}C[n\X

= > > (1,2)(a,b)(c.d).

{a,b}C[n\X {c,d}C[n]\X

If the two cycles (a,b) and (¢, d) are disjoint then the resulting permutation is simply
(a,b)(c,d), and there are two such ways to do so. If the two cycles share a single element,
then the resulting permutation gives a 3-cycle (a, b, ¢), and the number of ways to arrive
at this 3-cycle from a product of two transpositions is three. Lastly if the two cycles
agree then the result is the identity, and there are as many ways to do this as there are
two-element subsets of [n]\[2]. Thus altogether we have that

Ko W) = 260 (1) 4 35 (r2) 4 () ¥ Kol

where 71 = (1,2)(*, %) (*, %), 7o = (1,2)(x, %, %), and 73 = (1,2). Note that

<” N 2) = Ln-2)(n-3).

Thus K,,(A\) K (1) = 2K, (11)+ 3K, (72) + 2 (n—2)(n—3) K, (73) for all n > 2, noting that
when n = 2, 3 both sides of the equality are zero since K, (7) = 0 for all 7 € {\, i, 71, 72},
and the polynomial in n which is the coefficient of K, (73) has both 2 and 3 as roots.
Thus by Lemma 5.3/ we have that the relation

KK (1) = 2K (n) + 3K (m) + 5(2 — 2)(= ~ K (73)

holds in Z(X), and so f{!,(z) =2, f{®,(2) = 3, and f® (2) = (z—2)(2—3).

As one can imagine from the above example, if the X-marked cycles shapes A and
w of C[X] possess many symbols #, then calculating the product K(A\)K(u) in Z(X)
becomes quite difficult. At the moment, carrying out computations analogous to the
above is the easiest way to calculate K (A)K(p). One could also follow along with the
proof of Theorem 5.17 to compute which non-zero structure polynomials are present in
the product K (\)K(p), and to calculate such structure polynomials. This would require
one to evaluate the constants b(C) for various X-conjugacy class of &y x Sy. However,
it turns out that such an approach is comparable to carring out similar calculations to
the above anyway.

We now use Lemma 5.3/ to confirm that Z(X) is a C[z]-algebra.
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Proposition 5.36. The distributive ring Z(X) is in fact an C[z]-algebra.

Proof. We only need to confirm that the product is associative and that a multiplicative
identity exists. For the identity, consider the element K (1) where 1 € C[X] is the X-
marked cycle shape with no symbols * present, and where the elements of X belong
to cycles of length one. Thus CL,[X](1) is the singleton containing only the identity
permutation, and hence K, (1) is the identity permutation belonging to Z,(X) for any
n € Z>o and X C [n]. As such, by Lemma 5.34, K(1) must be the identity of Z(X).
Now for any triple (R1, R2, R3) € Z(X) x Z(X) x Z(X), let

[R1, R2, R3] := (R1R2)R3 — Ri1(R2R3)

be the associator. Then pr,[X]|([R1, Rz, R3]) = 0 for all n € Z>op and X C [n] since
Zn(X) is associative. As such, by Lemma 5.34, [R1, Ra, R3] = 0 showing that Z(X) is
also associative.

O]

We end this section by describing some basic facts about the algebra Z(X).

Lemma 5.37. We have an injective C-algebra homomorphism ¢ : C&(X) — Z(X)
defined on the basis elements by ¢(7) = K () for all 7 € §(X).

Proof. For any n € Z>¢ and X C [n], the X-conjugacy class CL,[X](7) is precisely the
singleton {7} for any 7= € &(X) C C[X] . Hence pr,[X](K (7)) = K,(7) = 7, and so
it is clear by Lemma 5.3/ that ¢ is a homomorphism of C-algebras. Injectivity follows
from construction of Z(X).

O

Let X C Y C N be finite sets such that | X| = |Y|. By Lemma 5.20 Z(X) = Z(Y)
as C[z]-algebras, where such an isomorphism can be realised as the extension of basis
elements by K(\) — K(\?) for any o € Gy such that o(X) =Y.

Lastly, by Equation (5.8) we immediately obtain the following result.

Lemma 5.38. Let X C Y C N be finite sets. Then Z(X) may be realised as the
subalgebra of Z(Y') by the embedding

KX Y K(p).

peFilly (\)
O

Thus the cycle shape algebra Z = Z(() is a subalgebra of Z(X) for any finite X C N.
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5.1.6 Structural Properties of Z(X)

In this section we will prove that the X-marked cycle shape algebra Z(X) is filtered by
a degree function induced from that of C[X]. Moreover, we show that the multiplication
of two basis elements of Z(X) produces a unique leading term of highest degree. From
this we are able to determine a generating set for Z(X), which is also induced from the
natural generators of C[X]. We end the section by proving that Z(X) is isomorphic as
C-algebras to the tensor product of the degenerate affine Hecke algebra H|x| with the
polynomial algebra in countably many commuting variables.

Recall the degree function deg : C[X] — Zs x| given by deg(\) = [|A[|* + | X| for any
A € C[X]. We extend this function to Z(X) by letting

deg | D> AH(2)K(N) | = max{deg()) | fa(z) # O}

XeC[X]

In particular deg(K(\)) = deg()\). We seek to show that Z(X) is filtered by deg. To
prove this we will use the following lemma.

Lemma 5.39. For A\, € C[X], let g € CL[X](A) and h € CL[X](x). Suppose that
Sup® (g) N Sup™(h) = 0, (5.11)
then we must have that gh € CL[X]|(Au).
Proof. Consider the expressions
d.l

A=mu® and p=ouce

for 7,0 € 6(X), d,e € Z)go, and I,k € Zgo. By Equation (5.2),

k

)‘M — 7T0'u00d+ecl+k.

Hence the result follows if we show that gh satisfies items (¢) and (i7) of Lemma 5.11 with
respect to mou®®dtedtk  For item (i), since Equation (5.11) is upheld, it is clear that
the number of cycles of gh of length i 4+ 1 which contain no elements of X is I(z) + k(7),
since this is the sum of such cycles of g and h. For item (i7), pick any x € X and set
y:=o(z) and z := 7(y). Since h € CL[X](cu®c¥), item (ii) of Lemma 5.11 tells us that

h:x—ip =g g Y
where {i1,42,...,iez)} NX = 0. Similarly since g € CL[X](rucct),
gy i e Jggy) 2
where {j1, 2, -, Jdaw)} N X = 0. Since Equation (5.11) is upheld, we must have that
gh:x =iy ) P J1H  Ja(y) 2

Thus (gh)?@+e@+1(z) = (70)(z) and (gh)™(z) & X for any 1 < m < d(y) + e(x).
Note that d(y) = d(c~!(z)) = (c od)(z), and hence gh also upholds item (ii) of Lemma
5.11.

O
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Proposition 5.40. Let A\ = mudc, u = ocuéc® € C[X]. In Z(X) we have that

KWK =cy, KOm+ > fLu(2)K(r)
TeC[X]
deg(7)<deg(\u)

where ¢y, € N is a constant given by

erp = ﬁ ((l J;(Z)(i))

i=1
Proof. Let g € CLIX](X\) and h € CL[X](u), then clearly we have
Sup™ (gh) C Sup™ (g) U Sup™ (h).

Thus if gh € CL[X](7) for some 7 € C[X], then ||7||*X < ||A|¥ + [|u||X. Now recall that
deg(7) = ||7||X + |X|, hence deg(7) < deg(\) +x deg(1) = deg(Au). Thus we have

ENK = Y 2K
TeC[X]
deg(7)<deg(An)
Now suppose gh € CL[X](7) with deg(7) = deg(A\x). This implies that ||7]|X = |[Au||¥,
which means that Sup™(g) N Sup™(h) = (. Hence by Lemma 5.39 it must be the case
that 7 = Au. Therefore

KWK () = fAK0m+ > K.
deg(:)efcgi(;(ku)

So what remains to be shown is that f))\‘i(z) = cypu- Welllet f € CL[X](Au) and consider
the set Ay ,(f) = {(g,h) € CLIX](N\) x CL[X]|(n) | gh = f}. By Equation (5.2) we have
M = wou°dtedtk and so by Lemma 5.11, for any x € X, we have that

f ST I e i(aod+e)(w) = (71'0')(56),

where {i1," - ,i(sodte)(z)} N X = 0. Any pair (g,h) € Ay ,(f) satisfies Equation (5.11),
hence we have that

bz iy = gy = o(),

qg: 0(33) — ie(x)+1 A e d i(god+e)(x) — (71'0')(93)
As such, if we are to construct a pair of permutations (g, h) € CL[X](\) x CL[X](x) such
that gh = f, the cycles containing elements of X in g and h are predetermined by f.
Hence we are just concerned with the cycles which contain no elements of X. In f there

are (I + k)(7) number of such cycles of length ¢ + 1, while g and h containg I(¢) and k()
such cycles respectively. Thus to construct a pair (g, h) € Ay ,(f), it is simply a matter
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of how one distributes the cycles containing no elements of X of f among either g or h.

The binomial coefficient .
1+ k)(7)
1(7)

counts the number of ways to allocate such cycles of length i+ 1 of f to the permutation
g (with the remaining cycles allocated to h). Therefore

() = ANl =] <(l J;(’;))(i))
=1

We immediately obtain the following corollary.
Corollary 5.41. The algebra Z(X) is filtered by deg, with filtration
Clz)6(X) = z=¥(x) c 2= (x) c z=sXI+2(x) - - |
where for any n > | X|, Z<"(X) is the C[z]-submonoid generated by { K(\) | A € C<,[X]}.
([

This filtration is quite compatible with the projections pr,[X] down to the centralizer
algebras. Namely, for any n € Z>o and X C [n], by Proposition 5.4 one can deduce that
Im(pr,,[X]) = pr,[X](Z="(X)), the image of the n-th filtered component of Z(X).

Beyond confirming that Z(X) is filtered, Proposition 5.40 shows that K (Au) is the
unique basis element of maximal degree which appears in the decomposition of K (\) K (u),
and more importantly, the coefficient of K (Au) in this decomposition belongs to N. As
such the associated graded C|z]-algebra Z& (X)), of Z(X) with respect to deg, may be re-
garded as a C-algebra. Also one can prove that Z8(X) is the twisted semigroup algebra
of the monoid C[X] with twisting ¢ : C[X] x C[X] — N given by

t(ﬂudcl,oueck) — H <(l 4;(’:))(”) )
i=1

We now use Proposition 5.40 to detemine a generating set for Z(X) as a C[z]-algebra,
which is induced from the natural generators of the monoid C[X]. Firstly we will write
X ={w1,...,7x} such that x; < ;11 for each i € [|X|—1]. Then for any i € [|X|—1]
we let §; := (z;,;4+1) € C[X] denote the transpositions exchanging x; and x;11, and for
any j € [|X|] we let 4 := u,; € C[X]. Now consider the set

Gx = {K(5), K (i), K(em) | i € [ X| ~ 1.7 € [X[,me N} (5.12)
of elements in Z(X).

Proposition 5.42. The set Gx generates Z(X) as a C[z]-algebra.

155



Proof. Tt suffices to prove, for any A € C[X], that K()) is a C[z]-linear combination of
monomials in elements of Gx. We prove this by induction on deg()). For the base case
assume deg(\) = | X, thus A € &(X). As mentioned before, the subalgebra of Z(X)
generated by K (m) for m € &(X) is isomorphic to C[z]&(X) via K(m) — w. Hence this
case follows since the set of transpositions {3; | ¢ € [|X| — 1]} generate C[z]&(X) as a
C[z]-algebra. Now assume that K(u) € (Gx) for all u € C[X] such that deg(u) < n for
some n > | X|. We seek to show that K'(\) € (Gx) for all A € C[X] such that deg(\) = n.
Let A = mu®c be such an element, and let 7 = iy - -+ 8;, be an expression for 7 in terms
of transpositions. Then by repeat application of Proposition 5.40, the expression

Ky = K(5;,) - K(5;,) K ()0 . '-K(ﬂp(‘)d(xm)K(Cl)l(i)K(Cg)l(Q) -

is equal to

aKN+ Y hu(2)K(w)
peC[X]
deg(u)<deg()
where c) is some constant belonging to N and h,(z) belong to C[z] for all u € C[X] such
that deg(u) < deg(A). Rearranging yields

1
K= | K- > hu(2)K(w)
peC[X)
deg(p)<deg())

which belongs to (Gx) since K does by construction, and the summation does by the
inductive hypothesis.
O

When viewing Z(X) as a C-algebra, naturally it is generated by the variable z and
the set Gx. Now let Clzp, 21,...] be the polynomial C-algebra in commuting variables
z; for ¢+ € N. We end this section by showing that, as C-algebras, the X-marked cycle
shape algebra is isomorphic to H x| ® Clzo, 21, - - -], where H x| is the affine degenerate
Hecke algebra discussed in Section 2.1.7. For h € H x| and f € C|zo, 21, ...], we write
hf:=h®f€ H|X| ®(C[20,Z1,...].

Proposition 5.43. We have a C-algebra isomorphism ¢ : H, x| ® C[zg, 21, ...] = Z(X)
defined on generators by

z m=20
(s:)) = K(5)), oly) = K(@) + Y K((z1,25)), and @(zm) = { ;
v Y = : v K(c,) m>1

for all ¢ € [|X| — 1], j € [|X]], and m € Z>o.

Proof. We begin by showing that ¢ is a homomorphism of algebras. It suffices to check
that ¢ respects the defining relations of H x| given in Definition 2.25, and that ¢ respects
the fact that the variable generators z; commute with the other generators. To show
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this we will use the projection pr,,[X] : Z(X) — Z,(X) and employ Lemma 5.34. We
start with checking relations in Definition 2.23.

(1): The C-subalgebra of Z(X) generated by the set {K(w) | # € &(X) C C[X]} is
isomorphic to the group algebra C&(X) by associating K () with m. Hence it is clear
that relations (1) of Definition 2.23 are respected under ¢.

(2)(i7): For any i € [|X|—1] and j € [|X|] such that j # 4,7+ 1, we seek to show that
©(siy;) = ¢(y;s;) which is the same as ¢(s;y;s:) = ¢(y;) since (1)(i) of Definition 2.23
is respected by ¢. For any n € Z>o and X C [n], we have that

pro [X](p(siy;si)) = pralX](@(si)e(y;)e(si)

= (wimip1) | Y (azy)+ > (w,2)) | (i, zit1)

a€n]\X I<j
= Y (az) + > ()
acn]\X I<j

= pr,,[X](o(y5))

where the fifth equality follows since j # 4,7+ 1, and so (z;, j4+1) commutes with (a,z;)
for any a € [n]\X, and (z;, zi41) {21, ..., 2j-1}) = {z1,..., 21}, thus

D (@i i) (@ z)) (@i, ien) = Y (w0 v (@), a5) = Y (an,25).

I<j I<j I<j

So pr, [ X](¢(siyjsi)) = pr,[X](e(y;)) for all n € Z>y and X C [n]. Hence applying
Lemma 5.34 tells us that ¢(s;y;5;) = ¢(y;), showing that (2)(¢7) is respected under .
(2)(2): We seek to show that ¢(y;y;) = ¢(y;vi) for any i,j € [|X|]. Recall that the
set X = {z1,...,2x|} such that x; < x;41, and let [n\X = {y1,...,9,_|x|} be such
that y; < y;+1. Then let ¢ € &, be the unique permutation which rearranges the list
1,2,...,ninto y1,...,Yp—|x|,*1,---,Z|x|- Then for any j € [|X|] one can deduce that

X1 (o)) = D (a,25) + > (z1,25) = oYy x40 ",

a€n]\X I<j

where Y; is the i-th Jucys-Murphy element of CS,, given in Definition 2.11. Since
the Jucys-Murphy elements pairwise commute, it is easy to see that pr,[X](¢(y;)) and

pro [X](¢(yi)) commute for all 4,5 € [[X|]. Thus pr,,[X](¢(yivi)) = pra[X](p(y;u:)) for
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all n € Z>o and X C [n], hence applying Lemma 5.34 we see that relation (2)(i) is
respected by ¢.

(2)(4ii): For any i € [|X| — 1] we seek to show that ¢(yi+1) = ¢(s;yis; + s;). For any
n € Z>o and X C [n], we have that

pro [ X]((sivisi + si)) = pry[X](@(si)p(yi)p(si) + (si)

= pr, [X] (K(§i) (K(ﬂi) +> K ((a, wz’))) K(s;) + K(gz'))

k<i

k<i

= (@i zin) | Y (am) + ) (wr,2i) | (@, 2i01) + (@5, 2it1)

acn]\X k<i

- Z (a,mi41) + Z(xka$i+l) + (24, Ti11)

a€[n]\X k<i

= Z (a,zit1) + Z (T, Tit1)

a€n\X k<i+1
= pr, [ X](p(Yi+1))-

Hence employing Lemma 5.34 shows that ¢ respects relation (2)(iii) of Definition 2.23.

We now need to show that ¢ respects the fact that z,, is central for each m € Z>.
Note this is immediate for the case m = 0. Assume that m > 1, then for any n > m+1
and X C [n], we have that

pra[X](0(zm)) = Y _(at,..., ams1),

where the sum runs over all cycles of length m + 1 whose entries ay, ..., an4+1 belong to
[n]\X. As such we have that pr,,[X](©(zm)) belongs to CStab,,(X), and so recalling that
Zn(X) ={2€ C6,, | 7z = 27 for all T € Stab,(X)}, it is easily seen that pr,,[X](¥(zm))
is central in Z,(X). Thus applying Lemma 5.3/ shows that ¢(z,,) is central in Z(X).
Therefore we have shown that ¢ is a homomorphism of C-algebras.

We now show that ¢ is bijective. For surjectivity, by Proposition 5.42, we only need
to show that the elements of Gx belong to the image Im(y). Clearly K(5;) and K(cp,)
belong to Im(¢). Also it is easy to check that, for any j € [|X|] and | < j,

K((x,25)) = K(8) - K(3j-1)K(3;)K(3j-1) - - - K(5).

Hence K ((z;,x;)) belongs to Im(y) for any I, j € [|X|]. Therefore

K (i) = ¢(y;) = Y K((w1,75)) € Im(g),

I<j
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and so Gx C Im(p). For injectivity we first set up a little notation. For any a € Z';gl

and b € ng we let
H yf(i) and z%:= H 2
e[| X]] meN
which is well-defined since b has finite support. Then by Theorem 2.25, the set

B = {287y®2% | n € Z>o, € x|, aEZLO, beczZy S0t

forms a basis for H x| ® Clz0, 21,...]. Given any 7 € S| x| let ™ denote the permutation
in &(X) defined by 7(x;) = x(;) for all i € [|X[]. Then ¢(r) = K (7). Similarly, given

any a € Z|>0‘ let @ denote the element of ng defined by a(z;) = a(i) for each i € [| X]].
Then, by Proposition 5.40, one can deduce that

PfTy) = K(Fd) - S hu(2)K ()
peC[X]
deg(u)<deg(7u®cP)
where ¢ € N and h,(z) € C[z] for each u € C[X] such that deg(u) < deg(Fu®cP).
Thus it is clear that ¢(B) is C-linearly independent since the leading terms appearing
in @(2fmy®z%) are C-linearly independent.
U

By Proposition 4.33 we immediately obtain the following corollary.

Corollary 5.44. We have an isomorphism of algebras Z(X) = EndHeis(T@X').

5.2 Orbit Affine Partition Algebra

5.2.1 The Subalgebra Q,.(M,n) of Endgs, (M @ V&)

In this section we define a subalgebra Qor (M, n) of Endg,, (M @ V&) (the codomain of
)

the representation \I/( . given in Theorem 4.24) which, in a sense, takes the action of the

partition algebra ng( ) on V®* and fuses it with the action of the centraliser algebra
Z(X) on M via inflation through Z,,(X) for any X C [n]. This subalgebra will be defined
by generators, and we prove a polynomial property regarding the coefficients appearing
in the product of any two such generators. As a corollary we obtain a spanning set for
Q2 (M,n), which we show specialises to a basis when M is a free CS,,-module. This
subalgebra, and the polynomial property of coefficients, will be used in the next section
to define a new C[z]-algebra.

Recall the definition of an X-marked cycle shape in Definition 5.7 and the X-marked
cycle shape monoid C[X] in Definition 5.6. Naturally such definitions may be generalised
to any finite set, not just a finite subset of N. We replace the role of X with the set
of blocks for a set partition a € Iy, hence we consider the a-marked cycle shapes and
the corresponding a-marked cycle shape monoid C[a]. The grading given by the degree
function deg : Cla] — Z<|o) naturally carries over also, with deg()\) equaling the number
of symbols * appearing in A plus |«|, the number of blocks of «, for any A € C[a].
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Example 5.45. Let k = 3, and consider the element of IIg given by

1 2 3
o= [{L3L LN -
Vo2 ¥

Label the blocks by A :={1,3}, B:={2,1'}, C :={2'}, and D := {3'}. An example of
a a-marked cycle shape is

A= (A, C)(B)(D)uupucer = (A, %, C,)(B, %) (D)(*, %).
We have that deg(\) = 6 + |a| = 10, hence A\ € C<jpla] C Cla].

Let k,n > 0, and recall from Definition 2.56 that the set of perfect colourings PC,,(«)
of a partition diagram o € Ty consists of all pairs of tuples (a,b) € [n]¥ x [n]* such
that for any 4, j € [k] U [k] we have i ~, j if and only if (a,b)(i) = (a,b)(j). We write
(a,b) = «a. Any such perfect colouring assigns a distinct colour from [n] to each block
of a. Let B € a be a block and (a,b) € PC,,(a) a perfect colouring, then we let B(q p)
denote the colour of [n] that (a,b) has assigned it. Also let [a, b] denote the subset of
[n] consisting of the entries in a and b, that is [a, b] := {(a,b)(i) | for all i € [k] U [K']}.

Let A € C[a] be an a-marked cycle shape. For any perfect colouring (a,b) € PC,(«)
we let \(qp) denote the [a,bl-marked cycle shape obtained from A by replacing each
block B with B(qgp). Clearly we have a monoid isomorphism (—)q ) : Cla] — Cla, b] for
any perfect colouring (a,b) € PC,, () given by A = A(qp)-

Example 5.46. Let o € IIg and A € Cla] be as in Ezample 5.45. Let n > 10 = deg(\),
and consider the tuples a = (2,6,2) and b = (6, 1, 3) belonging to [n]3, so we are working
with the set of colours [a, b] = {1,2,3,6}. We have (a, b) — « with the coloured diagram

2 6 2
a __
= .
6 1 3

With the blocks of a labelled as before we have that A(gp) = 2, B(ap) = 6, Clap) = 1,
and D(gp) = 3. Then (g p) is the {1,2,3,6}-marked cycle shape given by

)‘(a,b) = (A(a,b)a *, %, C(a,,b)7 *)(B(a,b)7 *)(D(a,b))(*7 *) - (27 *, %, 1, *)(67 *)(3)(*7 *)

Although we have replaced the role of X with the blocks of a partition diagram c,
this does not generalise to the centralizer algebras, that is, it does not make sense to
consider the algebra Z,(«) or elements K, () for some A\ € C[a]. However it does make
sense to consider the algebra Z,([a,b]) and the class sum elements K ()\(qp)) for any
A € C[a] and perfect colouring (a, b) € PC, ().
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Recall the set up of Section 2.2.5 and Schur-Weyl duality in Theorem 2.58, in partic-
ular V' is the n-dimensional vector space with basis {v, | a € [n]} which is viewed as a
C6&,,-module via m(v,) := Ur(q) for any m € &,,. Also we have the tensor space

V= Spanc{vg | a € [n]*}

which is a C&,-module by extending the action of V diagonally. We now seek to
extend the action of the orbit basis of Ay (n) on V&, described in item (2) of Theorem
2.58, to an action on M ® V& where M is any CS,-module. From here on let M
have a basis {m; | i € I} for some (possibly infinite) indexing set I, and we denote
the action of m € &, on any m € M by concatenation of symbols mm. Consider
the C-algebra Endc(M ® V&) of linear endomorphisms M ®@ V& — M @ V*. For
any f € Endc(M) and g € Endc(V®), we let f ® g € Ende(M ® V®F) be given by
(f ® g)(May ®@ va) = (fMa,) ® (gua), for any ag € I and a € [n]*.

Definition 5.47. For any « € Iy, and a-marked cycle shape A € C[a], we let

5M,n()‘7 a) = Z KR(A(a,b)) ® Eg
(a,b)ePCy ()

be an endomorphism of M @ V&,

Comparing Oz, (), @) to the action of the orbit basis element O, () described by
item (2) of Theorem 2.58, we have extended it onto the M component by acting by the
class sum element K, (\(qp)) in unison with Ef as we run over all perfect colourings in

PC,. ().

Example 5.48. Let k = 2 and consider the partition diagram « € II4 given by

1 2

[ ]
]

1/ 2/

For n = 4 we have PCy(a) = {((a,b)(b,b)) | a,b € [4], a # b}. Consider the a-marked
cycle shape given by A = ({2,1/,2'}, *)({1}). Then, for any C&4-module M, the operator
Onra(\, ) is given by

Opah )= > KilAap) ® B
(a,b)ePCy(a)
= ((2,3)+(2,4) ® Blya) + ((3,2) + (3,4) ® Blyy) + ((4,2) + (4,3) @ B}
+((1,3) + (1,4) ® By +((3,1) + (3,4) @ By + (4,1) + (4,3) © By
+((1L2) + (L) @ BSY +((2.1) + (2.4) © By + (4,1) + (4,2)) @ B )
+((1,2) + (1,3)) @ ESY) + ((2,1) + (2,3) @ Elyy) + ((3,1) + (3,2)) ® By
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Given mg, ®vq, ®vq, € M@V ®?2 such that a1 # ag, then Opp4(A, @) (Mg ®Va, @vg,) = 0.
For a particular non-trivial example, we have that

Onra(X, @) (Mg @ v2 @ v2) = ((2,3) + (2,4))may ® v1 @ v2 + ((2,1) 4 (2,4))May © v3 @ v
=+ ((27 1) + (27 3))mao X v4 ® V2

for any ag € I. We can vary n to obtain an analogous operator on M ® V®? where
dim(V) = n. Note when n = 2 the set PCy(c) is non-empty, however since deg()) = 3,
one can see that Kz(A(gp)) = 0 for any (a,b) € PCy(a). Hence Oppn(A, ) = 0 for
n=1,2.

Proposition 5.49. For any a € Iy, and A € C[a], then Oy, (A, ) € Endg, (M @ VEF).

Proof. We need to show that 5% n(A, @) commutes with the diagonal action of C&,,.
We prove this by showing that 7Oy, (A, @)m™! = Oprn(A, @) for any 7 € &,,. Well,

Ounha)r = > 7K\ap)r ' @rEir !
(a,b)ePCy(a)

= > K((Map)")®ER
(a,b)€PC ()

= Z K(A(ﬂ'a,ﬂb)) ® 77rrl(71
(a,b)ePCy ()

= Z K()‘(a,b)) ® Eg = 61\/1,“()‘7 Oé),
(a,b)ePCy(a)

where the second and third equalities follows from definitions, and the fourth equality
follows since PC,, () is an orbit of the action of &, on [n]¥ x [n]*.

d

Recall the decomposition of the operator Oy 4(A, ) given in Ezample 5.48 into twelve
terms. Then one can check the above proposition for this operator by noting that
conjugating by any m € 64 simply permutes the twelve terms around in some manner.

Definition 5.50. For any n,k € Z>¢ and CS,-module M, we define Q2 (M,n) to be
the subalgebra of Endg,, (M ®V®¥) generated by the operators O, (), ) for all a € gy,
and A € Cla].

For any partition diagram « € Ily, one can see that PC,(«) # 0 if and only if
n > |a|. Also, by Proposition 5.4 and Definition 5.12, we have for any A € Cla] and
(a,b) € PCy(a) that Ky (Aap)) # 0 if and only if n > deg(A(q)) = deg()). Therefore,
the operator Opr (X, @) # 0 if and only if n > |a| and n > deg(\). As such the algebra
Q2 (M, n) is finitely generated by

Qae(M,n) = (Opn(N, @) | a €I, n>lal, X € C<pla]). (5.13)

We now present an example of multiplying two generators of Qox (M, n) together. Infor-
mally, such a product is comparable to “smashing” together the products of class sum
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elements of centralizer algebras Z,,(X) with the product of orbit basis elements of the
partition algebra Asi(n). In particular it is worth comparing with Theorem 5.17 and
Proposition 2.67. One will note that the computations are quite lengthy even though
we picked simple partition diagrams and associated marked cycle shapes.

Example 5.51. Let kK = 2 and consider the partition diagrams «, 8 € 114 given by

12 102
[ LN
o= ./J and = .
e e
2 2

The sets of perfect colourings for o and S are given by

PCu(a) = {((a,0), (5,0)) | (a,b) € [n]?} and PCy(8) = {((d,d). (¢.0)) | (c,d) € [n]*},

where [n]"™ denotes the subset of [n]™ consisting of tuples with pairwise distinct entries.
Recall the definition of top-bottom coarsenings given in Definition 2.64, then one can
see that

1 2 1 2
TBC(a, B) =K v := U 0= L\‘
Y 12

One can deduce that the sets of perfect colourings of v and & are
PC.(7) = {((a,b), (¢,0)) | (a,b,¢) € [n]*} and PC,(8) = {((a,b), (a,a)) | (a,b) € [n]?}.
Now consider the marked cycle shapes

A= ({Qa 1/7 2,}7 *)({1})a and p = ({13 2}’ *)({1/3 2,})3

with A € Cla] and p € C[8]. We now evaluate the product Ops,(\, @)Onrn(p, B) for
arbitrary n € Z>¢ (and arbitrary CS,,-module M):

aM,n()\a O‘)aM,n(,va ﬂ) = Z Kn()‘(a,b)) ® E‘ll;1 Z Kn()‘(d,c)) ® E::i
(a,b)ePCy(a) (d,c)ePCn(B)
= ) > En(ap)En(Aae) ® EES

(a,b)ePCy () (d,e)ePCy(B)

= Z Z Kn()\(a,b))Kn()‘(b,c)) ® Eg

(a,b)ePCy(a) (b,e)ePCr(B)

a,b
= > K Oanon) Kn (). cen) © Eier)
a,b,c€[n]
a##b,b#c
=51+ 52,
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where S; and S5 have broken the summation up into the two case a # ¢ and a = ¢, thus

a,b

Sii= > K Manon) Kn (o)) © e,
(a,b,c)€[n]'3

a,b

Soi= > Kn (Nanon) Kn (1), @a)) © Bl
(a,b)eln]?

Evaluating Si: Given (a,b,c) € [n]'3, we have that

Ko (Aab) b)) Kn (M((b,b),<c,c>>)( > (bw'))( > (bd))

i€[n]\{a,b} jen\{b,c}

( > (b,i)+(b,c))( > (b,j)+(b,a))
J€l

ic[n]\{a.,b,c} n)\{b,c.a}
- Z (b7 Z)(ba .7) + Z (b7 C)(ba .7) + Z (b7 Z)(bv a’) + (b7 C)<b7 CL)

i,j€[n]\{a,b,c} j€ln]\{a,b,c} i€[n\{a,b,c}

=m=3)+ > i+ > i+ > (bai)+(bac)

i,je[n]\{_a,b,c} j€n]\{a,b,c} i€[n]\{a,b,c}
i#j

= (0= 3)Kn (100, eon) + Kn (il en) 5 (70 eon)

3) (4)
+ En (70 eon) + K (T o)
where 10V = ({1})({2})({1/,2'}) € C[y] and 72, 73) 7(4) € C[4] are given by
W = ({2}, %0 ({1H {1, 2'}), ¥ = ({2}, {1}, ) ({1, 2'}),
7(2) = <{2}7 *, {1/7 2/})({1})7 7(4) = ({2}7 {1}7 {1/7 2/})‘
Therefore, recalling the description of PC,,(y), we have
_ _ ™ (a,b) (4) (ab)
Si= Y (=3 (Uyeey) O el + 2 X K (rhnee) © Bl
(a,b,c)€[n]'3 1€[4] (a,b,c)€[n]'3

= (n=3)0un(17,7) + Y Onra(r?, 7).
i€[4]

2

Evaluating Ss: Given (a,b) € [n]'?, we have that

K (M(ab)vt) Kn (ﬂ((b,b»(a,a)))( > (b,i))( > (b,j))

i€[n)\{a,b} J€[n]\{a,b}
:(TL—2)+ Z (bajaz)
i,j€n]\{a,b}
i#£]

1)
= (= 2K (1001 0y + K (Man. o)
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where 10) = ({1,1,2)({2}) € C[6] and v = ({2}, ,%)({1,1/,2'}) € C[§]. Hence,
recalling the description of PC,,(d), we have that

5
Sp=(n-2) Y Kn (1E(i,b),(b,b))> Y K (Wb e)
(a,b)€[n]'2 (a,b)€[n]*2

= (n—2)0u1,n(19,8) + Oprn(v, ).
Thus collectively we have that

Onn(A @)Onn (i, B) = (n=3)001 (17, 9)+ > Oasn (79, 7)+(n=2)0a1n (19, 6)+ O s n (v, 6).

In the above example the product of two generators of Q4(M,n) decomposed into a
linear combination of other generators of Q4(M,n), and the coefficients which appear
are polynomial in n. It turns out, and we prove below, that this holds in general. As
such the generating set {Onrn(A, @) | @ € Iog, n > |al, A € C<pla]} for Qo (M, n) is in
fact a spanning set. It is worth comparing the proof below to that of Proposition 2.67.

Theorem 5.52. Let n, k € Z>o, M an C&,,-module, a, 3, € g, A € Cla], and p € C[F].
Then in Qox(M,n) we have that

6M,n(>‘7 O‘)GM,n(NHB) = Z Z F)\,u OMn(T ’Y)

YETBC(a,B) r€ClH]
with FY (z) € C[z] unique. In particular FY (z) = 0 whenever 7 ¢ TBC(a, 8).
Proof. We have that

6M,n()‘7 a)éM,n(ﬂv /8) = Z Kn()‘(a,b)) ® Eg Z Kn(ﬂ(d,c)) ® Eg
(a,b)ePCy(a) (d,c)ePCr(B)
= > > En(Map) En(iae) © ESES.

(a,b)ePCy(a) (d,c)ePCr(B)

We have that EgEg = 0p,alg where dp q = 1 if b = d and 0 otherwise. Note if the pair
(c, B) does not match in the middle, then there is no tuple b = d which perfectly colours
both the top row of # and the bottom row of a. Hence in such a case we must have that
Omn(A\, @)Onn(p, B) =0, so we can set FT#( z) = 0 whenever («, 8) does not match in
the middle. Assume that («, 3) does match in the middle, then continuing from above
we have

671()\7 a)én(:uv ﬂ) = Z Z Kn()‘(a,b))Kn (M(b,c)) ® Eg' (5‘14)
(a,b)ePCy () (b,e)ePCr(B)
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For any (a,b) € PC,(«) and (b, c) € PC,(8), recalling Equation (5.8) we have that
Kn(Na,p) Kn(tpe)) = > > Ky (k) Kn(v)

neF.n{ ’;C]

= > Y. fE)E(w)

REFIED (Aa b)) vEFE 2 () \FECbicl

= Z Z Z wv(n) | Kn(w).

weClabiel \ keFill2 5 (Aa,0)) veFillly s (ns,e))

(Ma, b))VEF'”{b ol ](mb,c))

Hence for any w € Cla, b, ¢| define the polynomial

h‘{)‘z(a,b)vl"(b,c)(z) = Z Z ZV(Z)'

nEFlII ()\(a 5) ueFlu{b g )

Note that given any o € &([a, b, ¢|), by Lemma 5.20 one can see that

w°

h)‘w(a,b)uu(b,c) (Z) = hAfa,b)?“fb,c)(z)' (5.15)

From Equation (5.14) we have that

OM,n()H a)OM,n(Ma 6) - Z Z Z hs\ﬂ(a,b),u(b,c) (n)Kn(w) ® Eg
(a,b)ePCy(a) (b,c)ePCyh(B) wella,b,c]
(5.16)
Consider any pair a,c € [n]* such that there exists b € [n]¥ where (a,b) — « and
(b,c) — . Thus a perfectly colours the top row of a and ¢ perfectly colours the
bottom row of 5. Let

Ci(a, ) = {b € [n]* | (a,b) =, (b,c) = B}.

Each block of the coloured diagram (« o )& will have a colour associated to them, but
in general these colours may not be distinct. There may be blocks from Top(«) which
share a colour with blocks from Bot(f), in a manner encoded by a partial bijection. As
such there exists a unique v € TBC(a, 8) such that (a,c) perfectly colours v (where
v is obtained by merging blocks from Top(a) with those in Bot(/3) which share the
same colour in (a o 3)%). Hence for any (a,b) € PC,(«) and (b,c) € PC,(5) we have
that (a,c) € PC,(v) and b € C%a’c)(a,ﬁ) for some unique v € TBC(a, 8). Thus, by
Equation (5.16), the product Ops, (A, @)Oprn (1, 8) is given by

Z Z Z hi\ﬂ(a,b)vl‘(b,c) (n)Kn(w) ® Eg =

(a,b)ePC,(a) (b,e)ePC,(8) wella,b,c]

Z Z Z Z h?(a,b)uu(b,c) (n)K"(w) ® Eg

yeTBC(a,B) (a,e)ePChp(y) bngLa’c)(oc,,B) weCla,b,c]
(5.17)
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We seek to evaluate the right hand side of Equation (5.17) by breaking it up into more
manageable pieces. Fix v € TBC(«, ) and a perfect colouring (a, c) € PC, (7). Let

W(’Zlvc) = Z Z h?(a,b)vu(b,c) (n)Kn(w) ® Eg

bec(ae) (a,B) weCla,b,c]

Now the set C'*° (o, B) is all the tuples b € [n]* which perfectly colour the bottom row
of a and the top row of 3 such that (a, b) perfectly colours o and (b, ¢) perfectly colours
5. Diagrammatically we are working with the situation

a— ¢ ----------- ~—---9
! a !
G S — -
| B |
C— & - - -0 — - —————- r———b‘

The only entries of b that are not predetermined by how a and ¢ have coloured the top
and bottom rows are the entries corresponding to middle blocks in the stacked diagram
a* 3, that is the blocks in Mid(ax ). Now fix b’ € C%“’c)(a, ), and let T(q ) be a set of
left transversals of Stab,([a, b, ¢]) in Stab,([a, ¢]). Note that the set C := [a, b, c]\[a, ]
is precisely the entries of b’ which perfectly colour the middle blocks of ax3. By Lemma
5.23, a defining property of Tq ¢ is the fact that each element o € T4 ) encodes a
unique way of sending the elements of C' into the set [n]\[a, c], and every such way of
embedding C' into [n]\|a, ] is accounted for by a unique o € T(qp). So an alternative
way of representing the set Cq(za’c)(oa, B) is given by
C%&C) (067/8) = {Ub/ | OIS 7Ea,,c)}'

As such we have

W(’ZLC) - Z Z h/\w(a,b)vﬂ(b,c) (n)Kn(@) ® Eg
bEC'Eiuyc) (a75) wec[a7b7c]

- Z Z h)\w(a’n-b/),ll(o.b/’c) (n)Kn(w) ® Eca

0€T(a,c) wECla,ob’ |

_ w? o a

= Z Z hAfa,b'y“ETb/,c) (n)Kn(@”) @ EZ
0€T(a,c) weCla,b’ ]

- Z h‘{)\z(a,b/)’p'(b/,c) (n)ffgzc} (n)Kn (w \l/[a’c}) ® Eg
weCla,b ]

~Y

where the third equality follows since Z,([a,b’, ¢|) = Z,([a, b, ¢]) via (—)7, and where
the fourth equality follows from Proposition 5.28 and Equation (5.15). For any w €
Cla, b, ], since (a,c) — 7, there exists a unique 7 € C[y] such that @ |iq = T(a,c)- SO
for any 7 € C[v], define the polynomial

T(a,c) o w w
FA(a,b/)yﬂ(b/,c) (Z) T Z hA(a,b’)vﬂ(b’,c) (Z)f[ayc} (Z)

weCla,b ]
@ a,c]=T(a,c)
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Then we have that

ngac) - Z Fyee (n)Kn<T(a,c)) ® Eg.

Aa,b!) (! c)
TeC[Y]

Therefore recalling that Ops (X, @)Onrn (i, B) is given by the right hand side of Equa-
tion (5.17), then we have that

OranX@)Opn( B) = > > D MK e (W En(w) © EE

YETBC(a,8) (a,¢)€PCn () pecl® (a,8) weCla,b,c]

= Z Z W('Zz,c)

ve€TBC(a,B) (a,c)ePCr(7)

TIIC
S Y Y SR 0Kl 9

~y€TBC(a,B) (a,c)ePCr () TEC[Y]

— T(a,e)
- Z Z Z FA(a,b’)ﬂu‘(b’,c) (n)Kn(T(a,c)> ® Eg

veTBC(a,8) T€C[Y] (a,e)ePCr(7)

By Equation (5.15) and Lemma 5.29 one can deduce that, for any o € &,,, we have

T(a,c) T(oca,oc)
n)=F n).
A(a,b’)ﬂ“(b’,c)( ) A(oa,o’b’)’”(ab’,o’c)( )

Hence such polynomials are independent of the particular perfect colourings, and so we
can drop such perfect colours as subscripts and just write FY H(n) Thus

OmaN\a)Onn(pB) = D> > Y FL)Ku(fae) © EE

~E€TBC(a,B) T€C[] (a,e)ePCyph(7)

= Z Z F):M(n) Z Kn('r(a,c)) ® Eg

~ETBC(a,B) T€C] (a,c)EPCr (7)

= X D FLmOua(n).

YeTBC(a,B) TEC[Y]
O
Corollary 5.53. Let n,k € Z>o9 and M an C&,-module. As a C-algebra we have that
Qar(M,n) = Spanc{Onn(A, @) | @ € Hag, n > |al, X € C<ylal}
O

In Q21 (M,n), the C-linear dependencies among the operators 61\/1,”()\, a) for o € Tly
with n > |a|, and A\ € C<y[a], depends on the module M. As we show now, no such
dependencies are present whenever M is free.

Proposition 5.54. Let F' be a free C&,,-module, then the set
{GF,n()\aa) ‘ (OAS Hgk, n Z |Oé|,)\ € CSH[O‘]}

forms a basis of Qor(F,n).
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Proof. Let us set
I'={(\a) | aeclly, n>|al,\ € Cla]}.

By Corollary 5.53, we only need to show that {Onn(A,a) | (\,@) € I} is linearly
independent in Qg (F,n). Also any free C&,-module is isomorphic to (CS,,)®" viewed
as a module by left componentwise multiplication. It will suffice to prove this result for
F = C6,,. Now assume that

Y. xaOce,n(ra) =0 (5.18)
N\a)el

where ¢y o € C for each (A, ) € I. We seek to show that ¢y, = 0 for all (A, ) € 1.
The space C&,, ® V& has a basis given by {1 ®v, | T € &,,, a € [n]*}. For any vector
w € CG,,®V® and basis element 7Qvq € CS,, @V we write n®@vq € w whenever the
basis element T ®v, appears with non-zero coefficient in the decomposition of w into said
basis elements. Now for any (\,a) € I, let b € [n]¥ be a tuple which perfectly colours
the bottom row of a (which exists since || < n). Then the operator Oce, »(\, @) acts
on the basis element 1 ® vp € CS,, @ V®* by

5((36”,71()\, a)(1®uvp) = Z Kn()‘(a,b)) X Va,

ac[n)®
(a,b)ePCy ()

which is non-zero since n > deg(\). Thus 7™ ® v € Ocs,, n(\, @)(1 ® vp) if and only
if (a,b) € PCy(a) and 7 € CLya,b](A(qp)). Hence assume for (A, a), (i, 8) € I that
we have 7 ® vg € Ocs,, n(\, @)(1 ®@ vp) and 7 @ vq € Oce, n(1t, 8)(1 @ vp). Then (a,b)
belongs to PC,(a) and PC,(5), which implies that & = 3. Moreover we must have
that m belongs to CLy[a, b](A(q,p)) and CLy[a, b](ti(a,p)). Since both these sets are orbits
under the action of Stab,([a, b]) on &,, by conjugation, they are either disjoint or equal,
thus we must have that A = u. Now by FEquation (5.18), picking any (u,3) € I and
b € [n]* which perfectly colours the bottom row of 3, we have that

Z xaO0ce, n(A @) (1@ vp) = —¢,4,80¢6,,n (1, B)(1 @ vp).
(Ma)e\{(u,0)}

However, we have shown that for any 7 ® v € Oce, .n(1t, B)(1 ® vp), it must be the case

that T ® vq € Oce, n(A, @) (1 ® vp) whenever (A, o) # (u, 8). This implies that ¢, 3 = 0,

and since (4, 5) was an arbitrary element of I, we have that ¢y, = 0 for all (A, a) € I.
O

Remark 5.55. From above, whenever F' is a free C&,-module, then the operators
OFn(A\ @), for a € Iy, and A € C[a], form a basis for the subalgebra Qo (F,n) of the
endomorphism space Endg, (F @ V®*). Thus Theorem 5.52 has proved the existence of
certain polynomials which have “globalised” the structure constants of such a basis for
Q2r(F,n). From this, we will be able to define a new algebra in the next section which
“globalises” the algebras Qox(F,n). It is worth comparing this theory to that presented
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by P. Martin and D. Woodcock in [MW98]. In such, they defined a new algebra called the
global Schur algebra which appears to play an analogous role for another endomorphism
algebra, in particular [MWO98, Proposition 3.3] is comparable to our Theorem 5.52, with
both proofs being combinatorial in nature. In their setting they have “globalised” the
endomorphism algebra Endg, (E®*) where E is a countably infinite analog to V.

5.2.2 The Orbit Affine Partition Algebra Q3ff

In this section we define an algebra Q‘gg which may be interpreted as another affinization
of the partition algebra. We will call it the orbit affine partition algebra. This algebra will
act on the space M ® V® in a manner which generalised the action of Wy ,, described
in item (2) of Theorem 2.58. In fact such an action comes more or less for free from
the construction of Q%g. We will prove that the partition algebra Qs (z) and certain
marked cycle shape algebras are subalgebras of Qgg. We end the section by constructing
a C-algebra homomorphism Agg — Qgg.

We construct the orbit affine partition algebra Q%fkf from the subalgebras Qo (F),,n)
of Ends, (F, ® V®*), where F), is a free C&,-module. This is done in a completely
analogous manner to how the X-marked cycle shape algebra Z(X) was constructed
from the centralizer algebras Z,(X) in Section 5.1.5, and how the partition algebra
Qor(2) was constructed from the endomorphism algebras Endg,, (V®*) in Section 2.2.5.

Definition 5.56. Let k € Z>( and z a formal variable. We define ngkf to be the free
C[z]-module with basis given by {O(X\, ) | @ € ok, A € C[a]}. We equip Qg‘g with the
product given by the C[z]-linear extension of

O\ a)O(w,B) = > > F{,(2)0(r,7),
~yeTBC(a,B) TEC[Y]

where FY (z) are the polynomials of Theorem 5.52.

By definition, Q;g is a distributive ring. By Theorem 5.52, for any n € Z>¢ and
C6&,-module M, we have a surjective homomorphism of distributive rings
050 - O3 — Quk(M,n) C Ends, (M ® VEF),
(M)

defined on the generators by z — n and O(X, @) — Opn(X, ). The map 6y, /) is the
(M)

orbit affine partition algebra counterpart to the map W, * given in Theorem 4.24 for
the affine partition algebra .A‘;g.
Lemma 5.57. For each n € Z>¢ let F}, be a free C&,,-module. Then

ﬂ Ker (9;5"72) = {0}.

n>0
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Proof. Let I be a finite subset of {(\,a) | a € gk, A € Cla]}. Assume that

> Fra(2)0(\ )

Na)el

belongs to Ker(ﬁéﬁﬁ) for each n € Z>(, where f) o(2) € C[z] for all (A, ) € I. Now by
Proposition 5.54, for any N > max{deg(\), |a| | (A, ) € I} we have that

{5000 a) | (a) € T} = {Oryv(ha) | (ha) €T}

is linearly independent in Qo (Fn, N). Since Héiz\?(K ) = 0, we must have for all (A, ) €

I that fy (V) = 0 for infinitely many natural numbers /N, which implies that fy o(z) =0
for all (A, ) € I. Therefore K = 0, and since I and K were arbitrary, the result is shown.
O

We may now give an analogous result to both Lemma 5.5/ and Lemma 2.59.

Lemma 5.58. Let R, Ry € Q;g. Then R; = Ry if and only if for all n € Z>q
Fy Fy
egk,n)(Rl) = eékn) (R1),
where F), is a free CS,,-module.

Proof. The forward implication is immediate, Whlle the reverse implication follows since
it implies that Ry — Ry belongs to ﬂn>0Ker( ok n) = {0}.
O

The above lemma will be the main tool we use to confirm relations within Q;g

Example 5.59. Continuing from Ezxample 5.51, it was shown that in Q4(F),,n) we have

OF, (X @)0p, n(1t, 8) = (n=3)0p, n(17, M)+ > Op, n(r?,9)+(n=2)0F, n (1), 6)+0p, n(v,9),
1€[4]

for any n € Z>g, and free C&,-modules F},. Hence by Lemma 5.58 we have that

O\, )O(u, ) = (z = 3)0(1D,9) + Y " O(r (z —2)0(1?,8) + O(v, 6)

1€[4]
is a relation in Q4.
Proposition 5.60. The distributive ring Q4 is a C[z]-algebra.

Proof. We need to show that a multiplicative identity exists, and that the product
described in Definition 5.56 is associative. For any partition diagram « € Il we let
1(®) ¢ C[a] denote the a-marked cycle shape containing no symbols * and where the
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blocks of v appear in cycles of length one. So for any perfect colouring (a,b) € PC,,(«)

and n > |a|, we have that K, (1 E @) )) = 1. Recall Definition 2.55, then one can see that

o5 | 5= 0N 1(s))
SH[k]

is the identity element in Qox(F,,n) for any n > k and free CS,-module F,. Thus
by Lemma 5.58 the argument of Hék 72 above is the identity element of Q;g. Now let
A,B,C € Q8 and [A, B,C] := (AB)C — A(BC). Then for all n € Zso we have that

ékn)([A B,(C]) = 0 since Qo (Fy,,n) is an associative algebra. Thus by Lemma 5.58

[A, B,C] = 0, showing that the product of Q4 is also associative.
O

We now show that the partition algebra Qsx(z) is a subalgebra of Qgg

Proposition 5.61. We have an injective C[z]- algebra homomorphlsm L Qop(z) — Q3F
given by the C[z]-linear extension of +(O(a)) = O(1(™, ) for each a € Iy, and where
1(®) € C[a] is the identity.

Proof. For any C&,,-module M, as elements in Qax(M,n) we have that

Onn(19a) = Z K, (1§a)b)) ® Ef = Z 1® Eg,
(a,b)ePCp(a) (a,b)ePCy(a)

for any « € Ilo;. Hence it is clear that

5M,n(1(a), OZ)GM,n(l(B)’ B) = Z Pl,g(”)bn(l(v)ﬁ)
YETBC(a,8)

for any «, 8 € Iy, and where p] B(z) are the polynomials in Proposition 2.67. Hence by
Lemma 5.58 we have in Qg‘g that

001,01, 8) = 3 pl ()01, 7),

yeTBC(a,3) 7

which confirms that ¢ is a homomorphism. By definition {O(1(®,a) | a € IIy} is
C[z]-linearly independent in Q3 hence ¢ is injective.
O

We now show that certain marked cycle shape algebras are subalgebras of Qgg. Let
k € Z>o and m € [k]. Take any set partition S,, = {Bi,..., By} of [k] consisting of
m blocks. By ordering the blocks of S, according to minimal elements, suppose that
B; < Bj41 for each i € [m — 1]. Recalling Definition 2.55,
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is a set partition of [k] U [k] also containing precisely m blocks. Given any [m]-marked
cycle shape A € C[[m]] let A=) denote the I(S,,)-marked cycle shape in C[I(Sy,)]
obtained from A by replacing colour ¢ with block C; for each i € [m]. Naturally the map
(—)m) gives a monoid isomorphism C[[m]] = C[I(S,,)]. Tt also induces an embedding
of Z([m]) into Q3 as we now show.

Proposition 5.62. Let k& € Z>p and m € [k]. We have an injective C[z]-algebra
homomorphism ¢ : Z([m]) — O34 given by the C[z]-linear extension of

UE(N) = O™, 1(S,))
for any A\ € C[[m]].

Proof. For any n € Z>p and C&,-module M, we have that

OuaASD (S = Y K (A32)) @ B,
(a,a)ePCnL(I(Sm))

noting that a € [n]* perfectly colours the bottom row of I(S,,) if and only if it perfectly
colours the top row. Let A\, u € C[[m]], then Ons,,(A5™) 1(S,))Onrn(u5m), 1(S,,))

equals

S wpE)en)(  $ o w(i)en)
(@,@)ePCr (1(Sm)) ’ (B.5)EPCor (1(Sm))

- ¥ > Ka(MNaw) Ka (s ) @ B2ES
(a,a)ePC,(I(Sm)) (b,b)ePCy(I(Sm))

xR OE)s e

(a,a)ePCy(I(Sm))

Z fxu(n) < (GQD) ® Eq

(a,a)ePCy, (I(Sm)) (TEC[[ 1]
Z f/\”u 6 ( m)vl(Sm))v

TEC[[m]]

where f{ M(z) are the structure polynomials in Theorem 5.17. Hence employing Lemma
5.58 we have that

O™, I(S)O, I(Sm)) = 3 Fu(2)0( ), 1(8p)),

T€C[m)|

which confirms that ¢ is a homomorphism of C|z]-algebras. Injectivity follows since by
definition the set {O(A9) I(S,,)) | A € C[m]} is C[z]-linearly independent in Q3!
O
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We may view Q3 as a C-algebra with basis {c"O(\, @) | a € gy, A € Cla],n € Zx¢}.
From this perspective z is playing the role of a central generator.

Remark 5.63. By Proposition 5.43 and Corollary 5.44 we know that
Z([m]) = (C[ZQ, 21, .- ] Q Hy = EndHeis(T®m),

As such for any m < k, Proposition 5.62 tells us that Endyeis(1%™), and in particular
H., are subalgebras of the orbit affine partition algebra Qgg.

We now wish to connect the algebra Qgg to Agg by a homomorphism. To do so, it
will be helpful to give a more minimal generating set for Agg.

Lemma 5.64. The affine partition algebra Agg is generated by the set
ng = {ea,Sj,xl,xg,Tg,Zl | a &€ [2]{ — 1],] S [k‘ — 1],l S Zzo}.

Proof. From the definition of Agg, is it clear that we only need to show that, for each
i € [2k] and 2 < j < 2k — 1, the elements x; and 7; belong to (Ggy), the subalgebra of
Agg generated by the elements of Ggj,. We first prove that x9;—1 and 7a; belong to (Gax)
for any ¢ € [k] and j € [k — 1], by the repeat application of two steps:

(Step 1): Assume for some i € [k — 1] that x9;_1 and 72; belong to (Gog). Then from (7)
of Lemma /.12 we must have that x9; 11 belongs to (Gay).

(Step 2): Assume for some 2 < i < k that z9;_1 and 79;_2 belong to (Gag). Then (i) of
Lemma 4.17 may be expressed as

Toi = 8i—18iT2i—25;Si—1 + €2;—2X2{—15;€2;—25; + 8;€2;—2L2;—15;€2;—2
— €2{—2X2{—15{—-1€2{€2{—-1€2;—2 — §;€2;—2€2;1€2;S;—1T2;—1€2;—25,

where we employed the relations eg;_9xo; 9 = €9;_ 99,1 and To;_2€9;_2 = T9;_1€9;_9
given by (9)(i) and (9)(i2) of Definition 4.7. Hence we see that 7o; must belong to (Gay).

We already know that z; and 7o belong to (Ggy), hence alternating applications of
(Step 1) and then (Step 2) show that x9;—1 and 7; belong to Gy for any i € [k] and
j € [k —1]. A similar argument can be given for the pairs xs; and 79;4+1, noting that xo
and 73 = 751 both belong to Go.

O

Let n € Z>¢ and M be an CS,,-module with basis {m; | i € I'} for I some indexing set.
To ease reference checking in the next theorem, we recall the actions of the generators

x1, T2, and 75 on the tensor space M ® V®F given by the map \I’g‘fi of Theorem 4.24.

Let b= (b(1),...,b(k)) € [n]¥, by € I, and i € [2k], then we have the following:

WO @) my @ vp) = > (a,b(1))my, @ v,
a€n]\{b(1)}

‘I’%%(fﬁz)(mbo Dup) = Y (a,b(1))my, @ g @ vy(z) ® - ® V().
a€n]\{b(1)}

W) (72) (miy © v5) = (1 Bp1) b(2)) ((1), b(2) ), @ v,
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where 6, is the kronecker delta.
Theorem 5.65. There exists a C-algebra homomorphism @ : Agg — Qgg .

Proof. For each of the generators g € Go, we construct an element Q(g) € Qg‘g such that

65" (Q9)) = U5 (9) € Ende, (M ® VEF)

for every n € Z>p and every C&,-module M. As \I/;],g[q)l is a C-algebra homomorphism,

we have that all the relations between the generators g € Gop are also satisfied by

the corresponding elements 0522(@(9)) = \Ifé],y)l(g) As these hold for any n and any
M, we can then use Lemma 5.58 to deduce that these relations also hold between the
corresponding elements Q(g). So this will prove the theorem. Before we construct such
elements we introduce a little notation. For any « € Ily, let

A=Y fil2)A

el

be a formal C[z]-linear combination of elements in C[a], for some finite set I C Cla].
Then in Qg‘g we will define

O\, @) ==Y fr(2)0(\, ).

el

We also let Opr (A, @) := 95%7)1(0(/&, «)) for any n € Z>¢ and CS,,-module M. We may
now construct elements Q(g) for each family of generators g € Gog:

Constructing Q(s;) and Q(eq): By Proposition 5.61, it is clear that

Q(eq) = Z 01 o), and Q(s;) = Z 01, )
CMGHQk Oéengk
ea=0r sj=a

will satisfy the desired property.

Constructing Q(x1): Recall the notation established in Definition 2.55, let S be a set
partition of [k] and I(S) the corresponding set partition of [k] U [k/]. Note any perfect
colouring in PC,(I(S)) is of the form (b,b) where b(i) = b(j) if and only if ¢ and j
belong to the same block of S. Let 1(g) denote the block of I(.5) containing 1. Consider
the formal Clz]-linear combination of elements in C[I(.S)] given by

Ulys) 3= Uiy + Z (B, 11(s))-
BeI(S)
B#11(s)
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Then we have that

M
Gék,ZL(O<U11<S),I<S>)): > Kn((u1,6) @)+ Y Enl(Bi1rs)ms) | ® Ep
(b,b)EPCor(1(S)) BEL(S)
B#11(s)

a€[b)

(b,b)ePC,(I(S))
a#b(1)
= > > (b)) + > (a,b(1) | © By
(b,b)ePC, (I(S)) \ a€ln]\[b] a€(b]
a#b(1)

— > > (a b(l))) ® EL.

(b,b)ePCn(1(5)) \ac[n\{b(1)}

Hence given any by € I and b € [n]* which perfectly colours the top and bottom rows of
I(S), we have that Qé],:[T)L(O(UlS, 1(95))) acts on mp, ®vp in the same manner as \115247)1(1:1),
and acts on my, ® ve by 0 whenever (¢, ¢) is not a perfect colouring of I(.S). Hence the

element Q(x1) we are looking for is

Q(z1) == Y _ O(U1,,,1(9)),
SH[k]

where the sum runs over all set partitions S of [k].

Constructing Q(x3): Let S be a set partition of [k], and let I(V(S) denote the set
partition of [k] U [k’] we obtain from I(S) by removing 1 from its block and letting it be

in its own block {1}. Let 1}(1)(3) denote the block of I(M)(S) containing {1'}. Consider

the formal C[z]-linear combintaion of elements in C[I(1)(S)] given by

(1a 1/)[(1)(3) = ({]‘}a ,[(1)(5)) + Z ( ) /[(1)(5))'
BeI(M(S)
B;él;(l)(s),{l}

Note that any perfect colourings of I(1) (S) is of the form (b(®), b) where b perfectly colours
the top and bottom rows of I(S), b(®(j) = b(4) for all j € [k]\{1}, and b(®)(1) = a for
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some a € [n]\[b]. Then in Qa(M,n) we have that 65,") (O((1,1") ju)(g), 1) (S))) equals

Z Kn(({1}71/[(1)(s))(a,b))+ Z Kn((B, 1[(1)(5))(ab)> ® By
(a,b)ePC, (IV(S)) BeIM)(s)

!
BAV ) 6 (1)

_ S (a(1),b(1)) + > (b,b(1) | ® Ef

(a,b)ePC, (IM(S)) be[b]
b£b(1)
= Y ST (@b @ EEY 4+ ST (0,6(1) @ BE
(b,b)ePCy(I(S)) \ a€[n]\[b] be[b]

b£b(1)

= Y Y @oea)e B,

(b,b)ePCr(I(S)) a€ln]
a#b(1)
Therefore, given any by € I and b € [n]* such that (b, b) perfectly colors I(S), we have
that G(M)(O((l, 1’)1(1)(5),1(1)(5))) acts on mp, ® vp in the same manner as \I/g],l/[gl(xg),
and acts on mp, @ ve by 0 whenever (¢, ¢) is not a perfect colouring of I(S). Hence the
element Q(x2) we are looking for is

T2) = Z O((1, 1,)1(1)(S)al(1)(5))7
Stk

where the sum runs over all set partitions S of [k].

Constructing Q(12): Let S be a set partition of [k] such that 1 %g 2, that is 1 and
2 belong to distinct blocks of S. Let 17.g) and 25y denote the distinct blocks of S
containing 1 and 2 respectively. Consider the element (17sy,21(s)) in C[I(S)], then

9%%(0((11(3), 21(5)), 1(5))) = > Kn((11(5): 21(5)) (b)) © By
(b,B)EPCr(1(S))

= > Ka(6(1),b(2)) ® B}

(b,b)ePC,(I(S5))

= > (b(1),b(2) @ EE.

(b,b)ePC, (I1(S))

Therefore, given any by € I and b € [n]* such that (b, b) perfectly colours (.S), we have

that 952{1(0((11(5), 21(s)), 1(S))) acts on myp, ® vp in the same manner as \I’gk )( 9), and

acts on mp, ® ve by 0 whenever (¢, c) is not a perfect colouring of I(S). Hence the
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element ()(72) we are looking for is

2) = > O((1ys) 21(s)), 1(9)),
SETk]
1bg2

where the sum runs over all set partitions S of [k] such that 1 %g 2

Constructing Q(z): Let by € I and b € [n]*, then recall that

W) (20) (miy © vp) = (Zngmyy) @ vb,
where Z,,; belongs to the center Z,, = Z,(0) of C&,, and is given by
Zn) = Z where T, = Z (a,b).
be(n] a€[n]\{b}

To construct Q(z;) we first want to show that there exists an element in the (-marked
cycle shape algebra Z(()) such that its projection into the center Z,(0) under pr,,[0)]
equals Z,; for all n € Z>p. We introduce the following notation: Let X C [n] and r > 1,
and consider any r-tuple A = (\q,...,\;) € C[X]*" of X-marked cycle shapes and any
w € C[X]. Then we define

@) = [KIE M) - K(A)),

the polynomial in C[z] which appears as the coefficient of the term K (u) in the product
K(A\)---K(\) in Z(X). Now for any b € [n], one can see that T, , = K, ((*,b)) which
belongs to Z,({b}). Hence we have that

ZTTlLb_ZK ((%,0)) ZJK ((x,1)lot
ben] ben] oeT

where T = {(1,2),(1,3),...,(1,n)} a set of left transversals of Stab,({1}) within the
group Stab,(0) = &,. Now set (x,1)!) := ((x,1),...,(x,1)) € C[{1}]*!. Then in the
centralizer algebra Z,({1}) we have that

Z f&l)(z) () Kp ().
peC{1}]

Therefore the elements Z,,; can be expressed as

Z%Zo( > flpo ) =3 > fhpemEaw)

be[n] oeT  \pec[{1}] o€T pec{1}]

= Z f(i,l)<” (n)fgl;(n)Kn(N bo) = Z Z f&71)(z>(n)f5(n) Kn()
pweC[{1}] AeC[0] uif[{lA}}
2=
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where fét (z) are the polynomials given in Proposition 5.28. Thus set

S 0@ (5.19)
pecl{1y]
plp=A

> h@K

AeC[0]

Then the element

of Z(0) projects down to Z,; under the morphism pr,[0] for all n € Z>o. Lastly, for
any | € Z>o and set partition S of [k|, consider the formal C|z]-linear combination of
elements of C[I(.S)] given by

wl—zh)\ Z 12 I

Aeco] peFilly® ()

Then for any n € Z>o we have that

05 (O(w, I(9)) = S Y Kalues) | © B,

(b,b)ePC, (1(S)) \ AeC[0] WeFiI ) (y)

= > > hi(n ® E?,

(b,b)EPC,, (1(S)) \ AeC[]

= Z Zn,l 02 Eb:

(b,b)ePCy(I(S))

where for the second equality we employed Fquation (5.8). Therefore, given any by € I

and b € [n]* such that (b, b) perfectly colours I(.S), we have that 9§k T)L(O(wl, 1(9))) acts
(M

on my, ® vp in the same manner as W, i(zl), and acts on my, ® ve by 0 whenever (¢, c)
is not a perfect colouring of I(.S). Hence the element ()(z;) we are looking for is

ZO ’U)l,

SF[K]

where the sum runs over all set partitions S of [k].

Corollary 5.66. For any k,n € Z>( and C&,-module M, the image of \Ifé]]::/‘[z : Agg —
Ends, (M ® V®) (given in Theorem 4.24) belongs to Qo (M, n).
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Remark 5.67. Both the algebra Qaox(M,n) and Q3 came about from investigating the
(M)

image of W, n in Theorem 4.24. We suspect that we have an isomorphism of C-algebras

At o gaff which in turn would give us Im(\Ilék 7)1) Q21(M,n). Although not included
within this thesis, we believe we have a proof of the surjectivity of the homomorphism
Q: Ag — Q%, but injectivity will probably require knowing a basis for A%g which we
do not yet have.

Remark 5.68. The algebra Qgg is interesting in its own right as it allows for greater
analysis of the image Im(\I/é],:[%) C Qar(M,n). In particular, using the formula presented
in Corollary 5.14, one can compute an upper bound for the dimension of the image
Im(\IJ;J,\f)) at least for small n. Also the algebra Q%, if isomorphic to A%, provides a lot
of non-trivial structure to investigate. For example we have shown that the degenerate
affine Hecke algebra Hj, and any X-marked cycle shape algebra Z(X) (for |X| < k)
are subalgebras of Q%, which has not been shown for Agg. Also, we know a basis of
Q; which projects down to Endg, (M ® V®¥) in a very natural manner, and the non-
vanishing basis elements provide a spanning set (and in fact a basis whenever M is free).
This gives us clues as to what structure a yet to be defined cyclotomic quotient of the
affine partition algebra should have, at least vaguely. A long term hope would be that
some of the theory produced by J. Brundan and A. Kleshchev in [BK08] would have
analogs in the setting of the affine partition algebra, most notably having some analogs
to higher Schur-Weyl dualities between the group algebra of the symmetric group and
the partition algebra. In the classical case, the module M is specialised to certain weight
modules of gl,. It is not obvious what would make an appropriate choice of modules in
the setting of the affine partition algebra, but we have done some basic analysis of the
algebra Qop(M,n) when M = S* is a Specht module for some A € A,, and n is small.
In the cases we have investigated, we have not been able to rule out the surjectivity of

ék% We suspect that \I/(S ) should be surjective for some Specht modules, but not all.
Remark 5.69. We treat .Agfk,f as our primary definition for an affine partition algebra,
since it is much nicer to work with compared to Qgg. In particular, we focused on
proving the affinization properties 1 to 5 for A%fkf but not for Qgg. However, one can
confirm some of the affinization properties for Q%g by using the homomorphism @ in
Theorem 5.65. If it is true that Agg = sz, then the algebra ngkf would be the orbit
description of A3, much in the same way the Qo (2) is an orbit description of Agx(2)
as present in Section 2.2.5.
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